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Executive	  Summary	  
	   The	  overall	  objective	  for	  this	  project	  was	  to	  continue	  in	  the	  design	  and	  construction	  of	  an	  experimental	  test	  set-­‐up,	  in	  addition	  to	  performing	  simulations	  on	  Coulomb	  tethering.	  	  The	  set-­‐up	  was	  based	  off	  of	  previous	  research	  done	  by	  Professor	  Hussein,	  Hanspeter	  Schaub,	  Carl	  R.	  Seubert,	  as	  well	  as	  a	  previous	  MQP	  project	  group.	  	  The	  task	  at	  hand	  was	  accomplished	  by	  dividing	  it	  into	  several	  categories	  of	  the	  complete	  experiment.	  	  The	  first	  challenge	  was	  to	  create	  MATLAB	  script	  to	  simulate	  these	  forces	  at	  work,	  as	  it	  would	  appear	  when	  the	  test	  set-­‐up	  was	  complete.	  	  The	  second	  challenge	  was	  to	  construct	  the	  experiment,	  which	  was	  again	  divided	  up	  into	  four	  major	  components,	  the	  track	  and	  cart	  assembly,	  the	  air	  control	  system,	  the	  power	  system,	  and	  the	  position	  sensing	  and	  determination	  system.	  
	   Major	  benefits	  for	  the	  use	  of	  Coulomb	  tethering	  and	  previous	  research	  done	  on	  the	  control	  and	  stability	  of	  such	  as	  system	  can	  be	  found	  in	  the	  introduction.	  	  As	  mentioned	  above,	  the	  core	  design	  of	  the	  test	  set	  up	  and	  simulations	  were	  based	  off	  of	  an	  experiment	  by	  Hanspeter	  Schaub	  and	  Carl	  Seubert,	  which	  was	  first	  explored	  in	  the	  previous	  years	  project	  group.	  	  	  
	   In	  order	  to	  simulate	  the	  experimental	  test	  set-­‐up,	  the	  equations	  of	  motion	  for	  the	  cart	  need	  to	  be	  established.	  	  Through	  a	  linear	  approximation	  of	  the	  equation	  of	  motion,	  or	  linearization,	  it	  was	  found	  that	  the	  experiment	  would	  be	  observable	  and	  controllable.	  	  This	  indicates	  that	  the	  current	  state	  vector	  of	  the	  linearized	  system	  can	  derived	  from	  previous	  sensor	  measurements,	  or	  outputs.	  	  In	  addition,	  it	  is	  also	  establishes	  the	  fact	  that	  the	  simulated	  cart	  can	  be	  moved	  from	  an	  initial	  position	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with	  error	  to	  a	  final	  desired	  position,	  within	  a	  finite	  amount	  of	  time.	  	  The	  process	  of	  the	  simulation	  set	  up	  is	  described	  in	  Chapter	  2,	  as	  well	  as	  the	  results	  from	  the	  different	  cases.	  	  There	  were	  three	  cases	  described	  in	  this	  section,	  one	  for	  measuring	  only	  position,	  one	  for	  only	  measuring	  velocity,	  and	  one	  that	  measured	  both	  position	  and	  velocity	  for	  the	  cart.	  	  In	  addition	  to	  the	  three	  cases,	  results	  of	  the	  simulations	  were	  also	  obtained	  for	  several	  other	  variables.	  	  Data	  is	  compared	  for	  simulations	  with	  and	  without	  an	  initial	  velocity	  as	  well	  as	  with	  and	  without	  a	  tilt	  angle	  of	  the	  track.	  	  Finally,	  the	  simulations	  were	  also	  broken	  down	  into	  an	  ideal	  case,	  with	  no	  process	  or	  sensor	  noise,	  and	  a	  realistic	  case,	  with	  noise	  for	  each.	  
	   Discussed	  in	  Chapter	  3	  is	  a	  detailed	  description	  of	  the	  experimental	  test	  set-­‐up.	  	  Mentioned	  previously,	  the	  four	  main	  components	  of	  the	  set-­‐up	  are	  discussed	  separately,	  and	  then	  integrated	  together	  in	  the	  final	  section.	  	  It	  is	  important	  to	  keep	  in	  mind	  that	  work	  was	  done	  on	  several	  parts	  of	  this	  experiment	  by	  the	  previous	  MQP	  group.	  	  These	  include	  the	  track,	  a	  prototype	  of	  the	  cart,	  a	  preliminary	  air	  supply	  system,	  the	  IR	  sensors,	  one	  dual	  polarity	  power	  supply,	  and	  a	  few	  other	  minor	  components.	  	  Our	  goal	  was	  to	  continue	  this	  work	  and	  assemble	  each	  of	  the	  four	  main	  components	  as	  well	  as	  begin	  integration	  of	  the	  systems.	  To	  the	  left	  is	  a	  diagram	  of	  the	  complete	  experimental	  set-­‐up	  described	  in	  detail	  in	  Chapter	  3.	  	  	  
Figure	  1:	  Experiment	  Diagram	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Our	  first	  objective	  for	  the	  track	  and	  cart	  assembly	  was	  to	  work	  with	  the	  prototype	  cart	  to	  produce	  a	  more	  stable	  and	  lightweight	  design.	  	  Following	  the	  production	  of	  the	  cart,	  IR	  reflectors	  and	  the	  mobile	  spacecraft	  were	  mounted.	  	  Finally,	  a	  variable	  height	  mount	  was	  built	  for	  the	  stationary	  sphere.	  	  For	  the	  air	  control	  system,	  a	  major	  concern	  of	  ours	  was	  obtaining	  the	  solenoid	  valves	  in	  a	  timely	  manner.	  	  Unfortunately,	  in	  the	  previous	  project,	  the	  valves	  were	  ordered,	  but	  were	  not	  received	  in	  time	  for	  installation.	  	  The	  circuitry	  for	  the	  air	  control	  system	  that	  would	  send	  signals	  from	  the	  IR	  sensors	  to	  the	  valves	  was	  to	  be	  redesigned	  and	  constructed.	  	  Lastly,	  an	  IR	  mount,	  to	  stabilize	  the	  sensors,	  valves,	  and	  circuits	  on	  was	  a	  necessity.	  	  The	  tracking	  system	  of	  the	  test	  set-­‐up	  involved	  researching	  several	  methods	  for	  laser,	  radar,	  and	  camera	  tracking	  of	  the	  mobile	  sphere.	  	  The	  power	  system	  was	  also	  analyzed,	  and	  the	  requirements	  for	  another	  power	  supply	  for	  the	  mobile	  sphere	  were	  specified.	  
In	  Chapter	  4,	  recommendations	  are	  made	  for	  future	  teams	  working	  on	  this	  experimental	  test	  set-­‐up.	  	  Work	  needs	  to	  be	  done	  on	  integrating	  the	  four	  major	  subsystems	  together.	  	  Another	  power	  supply	  for	  the	  stationary	  sphere	  needs	  to	  be	  purchased.	  	  The	  tracking	  system	  also	  needs	  to	  be	  finalized	  and	  tested.	  	  Once	  this	  is	  done,	  the	  closed	  loop	  controller	  can	  be	  made	  and	  experimental	  testing	  can	  begin.	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1	   Introduction	  
As	  spacecraft	  travel	  in	  Earth	  orbit,	  it	  is	  known	  that	  electrostatic	  charges	  naturally	  accumulate	  on	  its	  surface.	  	  This	  electrostatic	  charge	  results	  from	  the	  greater	  probability	  that	  the	  spacecraft	  is	  struck	  by	  electrons	  rather	  than	  a	  positively	  charged	  ion,	  in	  the	  ambient	  plasma	  environment.	  (138,	  Hussein).	  	  	  Studies	  have	  shown	  that	  these	  accumulated	  charges	  can	  create	  a	  tether	  between	  space	  vehicles	  with	  a	  force	  of	  micro-­‐	  and	  mili-­‐newton	  levels.	  	  These	  forces	  occur	  at	  various	  separation	  distances	  up	  to	  20-­‐30	  meters	  at	  specific	  locations	  in	  the	  solar	  system.	  (138,	  Hussein).	  	  This	  is	  enough	  force	  to	  utilize	  into	  keeping	  the	  space	  vehicles	  in	  a	  chosen	  formation.	  In	  addition,	  the	  specific	  charge	  of	  each	  craft	  can	  be	  controlled	  to	  desired	  levels	  by	  emitting	  ions	  or	  electrons	  from	  its	  surface.	  Obviously,	  this	  method	  of	  tethering	  uses	  miniscule	  amounts	  of	  fuel	  or	  additional	  energy.	  	  It	  also	  eliminates	  the	  need	  for	  physical	  tethers,	  reducing	  weight,	  eliminating	  physical	  constraints	  and	  unwanted	  forces.	  In	  being	  so	  efficient,	  many	  applications	  can	  benefit	  greatly	  from	  this	  technique.	  	  Formation	  flight	  can	  be	  used	  to	  increase	  signal	  strength	  on	  communication	  satellites,	  widen	  the	  field	  of	  view	  or	  resolution	  of	  deep	  space	  telescopes,	  tow	  small	  spacecraft,	  and	  create	  a	  semi-­‐rigid	  structure.	  	  These,	  and	  many	  other	  applications	  are	  all	  possible	  with	  Coulomb	  tethering.	  Clearly,	  the	  potential	  for	  this	  technology	  is	  high,	  and	  because	  of	  this	  an	  increasing	  amount	  of	  research	  has	  been	  done	  on	  Coulomb	  tethering	  recently.	  	  Several	  papers	  have	  been	  written	  by	  Professor	  Islam	  Hussein	  and	  Hanspeter	  Schaub	  	  from	  2006	  to	  2010	  that	  focus	  on	  the	  controllability	  and	  stability	  of	  several	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formations	  with	  two	  and	  three	  bodies.	  Carl	  R.	  Seubert	  and	  Hanspeter	  Schaub	  also	  published	  a	  paper	  in	  2009	  describing	  the	  construction	  of	  a	  one-­‐dimensional	  test	  bed	  to	  study	  Coulomb	  forces	  and	  their	  influence	  on	  spacecraft.	  It	  is	  necessary	  to	  test	  these	  forces	  on	  the	  small	  scale	  such	  as	  this	  one-­‐dimensional	  test	  bed	  especially	  because	  they	  are	  on	  the	  order	  of	  magnitude	  of	  only	  micro-­‐	  and	  mili-­‐Newtons.	  	  The	  controllability	  and	  stability	  of	  such	  a	  system,	  even	  in	  testing	  only	  one-­‐dimension,	  is	  no	  simple	  task,	  and	  this	  test	  bed	  would	  aid	  in	  researching	  methods	  to	  do	  so.	  	  	  The	  main	  goal	  of	  this	  project	  is	  to	  design	  and	  construct	  a	  test	  set-­‐up	  to	  experiment	  with	  Coulomb	  forces.	  	  The	  experimental	  results	  from	  this	  set-­‐up	  will	  help	  in	  showing	  that	  this	  system	  will	  be	  controllable	  and	  stable.	  	  There	  will	  be	  four	  main	  assemblies	  to	  the	  final	  test	  set-­‐up,	  the	  cart	  and	  track	  assembly,	  the	  air	  control	  system	  assembly,	  the	  tracking	  system	  assembly,	  and	  the	  power	  system	  assembly.	  	  These	  assemblies	  will	  begin	  to	  be	  joined	  together	  towards	  the	  end	  of	  our	  project,	  and	  produce	  results	  that	  can	  be	  used	  in	  applications	  in	  the	  future.	  	  In	  addition	  to	  the	  experimental	  test-­‐set	  up,	  a	  second	  goal	  of	  this	  project	  is	  to	  simulate,	  using	  MATLAB,	  two	  body	  problems	  with	  Coulomb	  forces.	  	  These	  simulations	  will	  also	  add	  to	  data	  that	  can	  be	  used	  in	  the	  future	  to	  potentially	  apply	  these	  forces	  in	  the	  real	  world.	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2	   MatLab	  Simulations	  
	   Often	  experiments	  are	  simulated	  using	  computer	  software	  before	  an	  experiment	  is	  conducted.	  	  In	  this	  particular	  case,	  these	  simulations	  were	  performed	  using	  MatLab.	  	  Simulations	  can	  be	  used	  for	  several	  different	  reasons.	  	  One	  reason	  for	  using	  computer-­‐generated	  simulations	  is	  the	  low	  costs	  associated	  with	  them.	  	  It	  is	  considerably	  less	  expensive	  to	  make	  changes	  in	  to	  an	  experiment	  by	  changing	  a	  line	  of	  code	  than	  it	  is	  to	  make	  changes	  to	  a	  physical	  test	  setup	  once	  it	  has	  been	  manufactured.	  	  They	  can	  be	  used	  to	  predict	  results	  to	  a	  given	  experiment	  under	  specific	  conditions	  that	  will	  not	  be	  altered	  by	  environmental	  variables.	  	  They	  can	  also	  be	  used	  to	  verify	  results	  achieved	  in	  the	  laboratory.	  	  Additionally,	  they	  can	  be	  used	  to	  determine	  if	  the	  experiment	  will	  stay	  within	  physical	  limited	  factors.	  	  In	  this	  case,	  that	  includes	  if	  the	  voltage	  will	  try	  to	  exceed	  the	  maximum	  of	  the	  power	  supply,	  or	  if	  the	  cart	  will	  attempt	  to	  move	  past	  the	  edges	  of	  the	  track.	  
	   The	  following	  chapter	  discusses	  the	  methods	  used	  to	  develop	  these	  simulations	  and	  the	  results	  gathered	  from	  running	  them.	  
	  
2.1	   Simulation	  Setup	  	   The	  following	  sections	  discuss	  the	  theory	  used	  to	  develop	  the	  MatLab	  simulations	  as	  well	  as	  some	  of	  the	  commands	  executed	  within	  the	  code.	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2.1.1	   Force	  Equation	  	   The	  first	  step	  towards	  developing	  a	  computer-­‐generated	  simulation	  is	  to	  analyze	  the	  basic	  equations	  involved.	  	  In	  the	  case	  of	  Coulomb	  tethering,	  there	  is	  one	  basic	  equation.	  	  Because	  we	  are	  only	  interested	  in	  motion	  in	  one	  direction,	  the	  equation	  is	  simplified	  further.	  	  The	  equation	  used	  as	  a	  summation	  of	  forces	  caused	  by	  the	  electrostatic	  charges	  on	  the	  spheres	  is:	  
!!" = !! = !!(!)!!(!)!!!!!! −!" sin!	  
Where	  
• !!" 	  is	  force	  of	  the	  ith	  sphere	  on	  the	  jth	  sphere	  [N]	  
• !	  is	  the	  combined	  mass	  of	  the	  cart	  and	  mobile	  sphere	  [g]	  
• !	  is	  the	  acceleration	  of	  the	  cart	  [m/s2]	  
• !!(!)	  and	  !!(!)	  are	  the	  charges	  on	  the	  ith	  and	  jth	  spheres,	  respectively	  [V]	  
• !	  is	  the	  radius	  of	  the	  sphere	  [m]	  
• !	  is	  the	  distance	  from	  the	  stationary	  sphere	  to	  the	  mobile	  sphere	  [m]	  
• !! 	  is	  the	  Coulomb	  constant	  [Nm2/C2]	  
• !	  is	  acceleration	  due	  to	  gravity	  [m/s2]	  
• !	  is	  the	  angle	  of	  tilt	  measured	  from	  the	  horizontal	  to	  the	  track	  [degrees]	  	  For	  this	  particular	  case,	  the	  ith	  sphere	  will	  be	  referred	  to	  as	  the	  stationary	  sphere,	  and	  the	  jth	  sphere	  will	  be	  the	  cart	  sphere.	  	  In	  this	  experiment,	  Vs(t)	  is	  a	  constant	  and	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can	  be	  reduced	  to	  Vs.	  	  The	  constants	  in	  the	  equation	  are	  listed	  below	  in	  Table	  2.1	  and	  the	  locations	  of	  physical	  parameters	  are	  shown	  in	  Figure	  2.1.	  
Constant	   Value	  !!	   -­‐20000	  V	  m	   500	  g	  !! 	   8.987551787×10!  Nm2/C2	  !	   0.1016	  m	  !	   0	  or	  1/100	  degrees	  (varies	  by	  case)	  g	   9.81	  m/s2	  
	  
Table	  2.1:	  	  Constants	  and	  their	  Values	  
	  
Figure	  2.1:	  	  Side	  view	  of	  experimental	  setup	  with	  labeled	  parameters	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2.1.2	   Linearization	  In	  order	  for	  further	  analysis	  to	  be	  conducted	  on	  the	  system,	  the	  equation	  of	  motion	  needed	  to	  be	  linearized.	  	  This	  creates	  a	  linear	  approximation	  of	  the	  system	  around	  a	  specific	  point,	  in	  this	  case	  xd.	  	  The	  following	  formula	  was	  used	  to	  linearize	  the	  system	  around	  xd:	  
!"! = !!" !! ,!!,! ! + 𝜕!!"𝜕! ! !" + 𝜕!!"𝜕!! ! !!! 	  
where	  
• !" = ! − !! 	  
• !!! = !! ! − !!,! 	  
• !!,! 	  is	  the	  voltage	  of	  the	  mobile	  sphere	  which	  keeps	  it	  at	  rest	  at	  !! 	  From	  this	  linearized	  equation,	  the	  state	  space	  of	  the	  system	  can	  be	  defined	  as	  
!!!! = 0 1−2!!!!,!!!!!!!!!! 0 !"!! +
0!!!!!!!!! 	  
! = ! !"!! 	  
The	  A	  matrix	  is	  defined	  as	  
! = 0 1−2!!!!,!!!!!!!!!! 0 	  
and	  the	  B	  matrix	  is	  defined	  as	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! = 0!!!!!!!!! 	  
The	  value	  of	  the	  C	  matrix	  varies	  depending	  upon	  which	  values	  are	  being	  measured	  for	  the	  experiment	  at	  that	  time.	  	  There	  are	  three	  different	  cases	  that	  result	  in	  three	  distinct	  values	  for	  C:	  
1) The	  position	  of	  the	  cart	  is	  the	  only	  variable	  being	  measured.	  	  For	  this	  case,	  ! = 1 0 	  2) The	  velocity	  of	  the	  cart	  is	  the	  only	  variable	  being	  measured.	  	  For	  this	  case,	  ! = 0 1 	  3) Both	  the	  position	  and	  velocity	  of	  the	  cart	  are	  being	  measured.	  	  In	  this	  instance,	  ! = 1 1 	  The	  A,	  B,	  and	  C	  matrices	  will	  be	  used	  in	  the	  next	  two	  sections	  for	  discussing	  the	  evaluation	  of	  the	  observability	  and	  controllability	  of	  the	  linearized	  system.	  
	  
2.1.3	   Observability	  A	  system	  is	  defined	  as	  observable	  if	  you	  can	  use	  previous	  outputs	  of	  the	  system	  to	  determine	  the	  current	  state	  vector.	  	  In	  this	  case,	  can	  we	  use	  the	  output	  of	  the	  instruments	  taking	  measurements	  to	  determine	  the	  current	  location	  of	  the	  cart	  with	  relation	  to	  the	  stationary	  sphere?	  
	   The	  observability	  matrix	  is	  defined	  as	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! = !!"!!!⋮!!!!! 	  
where	  n	  is	  the	  number	  of	  columns	  in	  matrix	  A.	  	  The	  system	  is	  observable	  if	  and	  only	  if	  !	  has	  rank	  equal	  to	  n.	  
Because	  !	  is	  reliant	  on	  C	  and	  there	  are	  three	  possible	  values	  for	  the	  C	  matrix,	  three	  different	  observability	  matrices	  need	  to	  be	  calculated.	  	  For	  all	  three	  cases,	  the	  system	  was	  found	  to	  be	  observable.	  	  This	  means	  that	  any	  of	  the	  three	  previously	  mentioned	  combinations	  of	  instrument	  possibilities	  could	  be	  used	  and	  you	  would	  still	  be	  able	  to	  use	  measurements	  to	  infer	  the	  location	  of	  the	  cart.	  
2.1.4	   Controllability	  A	  system	  is	  defined	  as	  controllable	  if	  you	  can	  move	  the	  system	  from	  its	  initial	  position	  to	  a	  chosen	  final	  position	  in	  a	  finite	  amount	  of	  time.	  	  For	  this	  case,	  we	  would	  like	  to	  know	  if	  it	  is	  possible	  to	  move	  the	  cart	  from	  its	  initial	  position	  with	  initial	  velocity	  to	  the	  desired	  position	  with	  no	  final	  velocity.	  
	   The	  controllability	  matrix	  is	  defined	  as	  
ℛ = !!"!!!⋮!!!!!
! 	  
where	  n	  is	  the	  number	  of	  columns	  in	  matrix	  A.	  	  The	  system	  is	  controllable	  if	  and	  only	  if	  the	  rank	  of	  ℛ	  is	  equal	  to	  n.	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Due	  to	  the	  fact	  that	  ℛ	  is	  only	  reliant	  on	  the	  A	  and	  B	  matrices,	  only	  one	  controllability	  matrix	  must	  be	  calculated.	  	  The	  system	  was	  found	  to	  be	  controllable.	  	  This	  infers	  that	  by	  changing	  the	  voltage	  of	  the	  mobile	  sphere,	  it	  is	  possible	  to	  move	  it	  from	  its	  initial	  position	  to	  a	  final,	  chosen	  position	  in	  a	  finite	  amount	  of	  time.	  
	  
2.1.5	   Modeling	  the	  “Ideal	  Case”	  The	  term	  “ideal	  case”	  in	  this	  instance	  refers	  to	  the	  case	  where	  there	  is	  no	  noise	  generated	  from	  the	  measurements	  or	  the	  processing.	  	  This	  is	  a	  case	  that	  could	  not	  physically	  occur	  during	  real	  testing	  and	  can	  only	  be	  observed	  through	  computer	  simulations.	  	  The	  “realistic	  case”	  with	  noise	  generation	  is	  discussed	  in	  the	  following	  section.	  
	   The	  matrix	  equation	  for	  the	  state	  space	  derived	  earlier	  in	  this	  chapter	  is	  used	  to	  generate	  the	  equations	  of	  motion.	  	  These	  equations	  are	  present	  in	  the	  MatLab	  function	  file	  located	  in	  Appendix	  B.	  	  The	  MatLab	  script	  file	  located	  in	  Appendix	  A	  serves	  as	  the	  interface	  for	  providing	  inputs,	  operating	  the	  differential	  equation	  solver	  to	  solve	  the	  system,	  and	  plot	  the	  position	  and	  velocity	  of	  the	  mobile	  sphere	  over	  time.	  	  The	  inputs	  that	  must	  be	  provided	  by	  the	  user	  are	  the	  initial	  position	  and	  velocity	  of	  the	  cart,	  the	  desired	  final	  position,	  and	  the	  angle	  of	  tilt	  of	  the	  track.	  	  The	  ODE	  solver	  used	  was	  ode45,	  which	  is	  capable	  of	  numerically	  integrating	  most	  systems.	  	  The	  plots	  provide	  a	  visual	  for	  how	  the	  position	  and	  velocity	  of	  the	  cart	  change	  before	  it	  settles	  at	  the	  desired	  ending	  position.	  	  In	  the	  provided	  code	  found	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in	  Appendix	  A	  and	  Appendix	  B,	  x(1)	  and	  x(2)	  are	  the	  position	  and	  velocity	  of	  the	  mobile	  sphere,	  respectively,	  for	  this	  “ideal	  case.”	  
	  
2.1.6	   Modeling	  the	  “Realistic	  Case”	  The	  term	  “realistic	  case”	  relates	  to	  situation	  where	  sensor	  and	  process	  noise	  are	  present	  in	  the	  system.	  	  This	  simulates	  the	  use	  of	  real	  instruments	  to	  take	  measurements	  within	  the	  experiment.	  	  Within	  MatLab,	  this	  noise	  was	  simulated	  using	  the	  random	  number	  generator	  command,	  randn.	  	  The	  noise	  is	  added	  to	  the	  system	  so	  the	  state	  space	  is	  now	  represented	  by	  
!! = !"# + ! + !	  
! = !"# + !	  
where	  “v”	  is	  the	  sensor	  noise	  and	  “w”	  is	  the	  process	  noise.	  
	   For	  the	  situation	  where	  noise	  is	  modeled,	  a	  Kalman	  filter	  must	  be	  designed	  with	  gains	  that	  allow	  the	  system	  to	  converge	  in	  a	  timely	  manner.	  	  These	  gains	  are	  calculated	  with	  the	  assistance	  of	  the	  Algebraic	  Riccati	  Equation.	  	  Because	  of	  its	  dependence	  on	  the	  C	  matrix,	  there	  is	  a	  different	  gain	  matrix	  for	  each	  of	  the	  three	  possible	  test	  scenarios.	  
	   The	  position	  and	  velocity	  of	  the	  cart	  during	  the	  “real	  case”	  corresponds	  to	  x(3)	  and	  x(4),	  respectively,	  in	  the	  MatLab	  code	  provided	  in	  Appendices	  A	  and	  B.	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2.2	   Simulation	  Results	  	   The	  following	  sections	  discuss	  the	  findings	  of	  running	  the	  MatLab	  simulations.	  	  First,	  results	  from	  running	  the	  simulation	  without	  noise	  are	  reviewed.	  	  Second,	  a	  discussion	  of	  results	  from	  running	  the	  simulations	  under	  realistic	  conditions	  with	  noise	  is	  presented.	  
	  
2.2.1	   “Ideal	  Case”	  Results	  	   These	  results	  refer	  to	  the	  simulations	  discussed	  in	  Section	  2.1.5.	  	  All	  simulations	  were	  run	  with	  the	  angle	  of	  tilt	  equal	  to	  zero	  degrees	  and	  then	  again	  with	  the	  angle	  of	  tilt	  equal	  to	  1/100	  degrees.	  	  Because	  it	  is	  near	  impossible	  to	  get	  the	  track	  perfectly	  horizontal,	  this	  angle	  is	  introduced	  to	  take	  into	  account	  the	  force	  of	  gravity	  that	  will	  be	  involved	  for	  any	  angle	  other	  than	  0	  degrees.	  
	   The	  first	  set	  of	  simulations	  demonstrates	  how	  changing	  the	  initial	  position	  of	  the	  cart	  affects	  the	  time	  required	  for	  the	  system	  to	  settle	  at	  the	  desired	  position.	  	  For	  these	  simulations,	  the	  initial	  position	  varies	  from	  0.25	  m	  to	  0.75	  m,	  the	  initial	  velocity	  is	  kept	  at	  0	  m/s,	  and	  the	  desired	  position	  is	  0.5	  m,	  as	  shown	  by	  the	  solid	  black	  line.	  	  In	  Figure	  2.2,	  the	  angle	  of	  tilt	  is	  set	  to	  0	  degrees.	  	  When	  the	  track	  is	  not	  tilted,	  there	  is	  no	  overshooting,	  initial	  positions	  closest	  to	  the	  desired	  location	  converge	  first,	  and	  all	  simulations	  settle	  in	  15-­‐20	  seconds.	  	  In	  Figure	  2.3,	  the	  angle	  of	  tilt	  is	  increased	  to	  1/100	  degree.	  	  There	  is	  no	  overshooting	  when	  the	  initial	  position	  is	  less	  than	  the	  desired	  position.	  	  However,	  as	  the	  initial	  position	  increases	  and	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becomes	  more	  and	  more	  over	  the	  desired	  position,	  overshooting	  occurs,	  resulting	  in	  a	  longer	  settling	  time.	  
	  
Figure	  2.2:	  	  Changes	  in	  settling	  time	  with	  varying	  initial	  position	  (angle	  of	  tilt	  =	  0	  degrees)	  
	  
Figure	  2.3:	  	  Changes	  in	  settling	  time	  with	  varying	  initial	  position	  (angle	  of	  tilt	  =	  1/100	  degrees)	  	  	   The	  second	  set	  of	  simulations	  demonstrates	  how	  changing	  the	  initial	  velocity	  of	  the	  cart	  affects	  the	  settling	  time	  of	  the	  system.	  	  The	  initial	  position	  is	  kept	  at	  0.25	  m,	  the	  initial	  velocity	  is	  varying	  from	  0	  to	  0.1	  m/s,	  and	  the	  desired	  position	  is	  0.5	  m.	  	  Figure	  2.4	  shows	  the	  response	  when	  the	  angle	  of	  tilt	  is	  0	  degrees.	  	  As	  the	  initial	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velocity	  is	  increased,	  overshooting	  increases	  substantially	  and,	  with	  it,	  the	  settling	  time	  of	  the	  system.	  	  However,	  when	  an	  angle	  of	  tilt	  of	  1/100	  degree	  is	  introduced,	  the	  overshooting	  and	  settling	  times	  are	  significantly	  decreased.	  	  This	  case	  is	  demonstrated	  in	  Figure	  2.5.	  	  The	  greater	  the	  initial	  velocity,	  the	  greater	  affect	  the	  angle	  of	  tilt	  has	  on	  it.	  
	  
Figure	  2.4:	  Changes	  in	  settling	  time	  with	  varying	  initial	  velocity	  (angle	  of	  tilt	  =	  0	  degrees)	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Figure	  2.5:	  	  Changes	  in	  settling	  time	  with	  varying	  initial	  velocity	  (angle	  of	  tilt	  =	  1/100	  degrees)	  	   When	  the	  initial	  position	  is	  moved	  to	  further	  away	  from	  the	  desired	  position,	  introducing	  an	  angle	  of	  tilt	  greater	  than	  0	  degrees	  increases	  the	  settling	  time.	  	  However,	  when	  an	  initial	  velocity	  is	  imposed,	  the	  angle	  of	  tilt	  aids	  in	  decreasing	  the	  settling	  time.	  	  Therefore,	  purposely	  inducing	  an	  angle	  of	  tilt	  can	  help	  to	  compensate	  for	  any	  initial	  velocity.	  	  
	  
2.2.2	   “Realistic	  Case”	  Results	  These	  results	  refer	  to	  the	  simulations	  in	  Section	  2.1.6.	  	  The	  optimal	  gain	  matrix	  for	  the	  situation	  in	  which	  only	  the	  position	  is	  being	  measured	  and	  was	  determined	  to	  be	  equal	  to	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where	  w	  and	  v	  are	  the	  process	  and	  measurement	  noise,	  respectively.	  	  The	  values	  used	  for	  these	  can	  be	  found	  in	  the	  scrip	  file	  found	  in	  Appendix	  A.	  	  This	  gain	  matrix	  was	  incorporated	  into	  the	  simulation.	  
	   The	  filter	  was	  successfully	  implemented,	  as	  shown	  by	  Figure	  2.6.	  	  The	  blue	  line	  represents	  the	  “ideal	  case”	  and	  the	  red	  line	  represents	  the	  “realistic	  case.”	  	  The	  “realistic	  case”	  does	  eventually	  converge	  to	  the	  desired	  distance,	  but	  it	  takes	  considerably	  longer	  to	  converge	  than	  when	  on	  noise	  was	  assumed.	  	  Additionally,	  the	  area	  of	  attraction	  is	  very	  small.	  	  For	  this	  particular	  simulation,	  the	  initial	  distance	  was	  set	  to	  0.1	  mm	  from	  the	  desired	  distance	  of	  0.5	  m.	  	  When	  an	  initial	  displacement	  is	  selected	  outside	  the	  area	  of	  attraction,	  the	  system	  does	  not	  converge	  to	  the	  desired	  position.	  	  To	  create	  a	  controller	  that	  allows	  the	  system	  to	  converge	  more	  quickly	  to	  the	  desire	  distance,	  the	  weights	  within	  the	  controller	  must	  be	  adjusted	  from	  the	  “optimal”	  controller	  design.	  	  One	  particular	  way	  of	  achieving	  this	  would	  be	  to	  implement	  the	  lqg	  command	  within	  MatLab.	  	  This	  command	  designs	  a	  filter	  taking	  into	  account	  a	  weight	  matrix	  given	  by	  the	  user	  as	  an	  input	  for	  the	  command.	  	  The	  use	  of	  this	  command	  to	  adjust	  the	  gain	  matrix	  would	  allow	  for	  the	  area	  of	  attraction	  to	  increase	  as	  well	  as	  decrease	  the	  amount	  of	  time	  needed	  for	  the	  system	  to	  converge	  at	  the	  desired	  location.	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Figure	  2.6:	  	  Simulation	  Results	  for	  "Realistic	  Case"	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3	   Experimental	  Test	  Set-­‐Up	  
	   The	  main	  goal	  of	  this	  project	  was	  to	  complete	  the	  experimental	  test	  set-­‐up.	  	  Last	  years	  MQP,	  along	  with	  the	  research	  that	  was	  done	  on	  Seubert	  and	  Schaub’s	  set-­‐up,	  provided	  a	  solid	  design	  to	  work	  with.	  	  	   The	  complete	  set	  up	  of	  the	  experiment	  is	  illustrated	  below	  in	  a	  basic	  format.	  Also	  refer	  to	  Appendix	  C	  for	  a	  larger	  image	  of	  the	  experimental	  test	  set-­‐up	  illustration.	  The	  main	  objective	  is	  for	  the	  two	  spacecraft	  to	  achieve	  a	  desired	  distance	  apart,	  after	  initially	  being	  separated	  the	  desired	  distance	  plus	  or	  minus	  some	  error.	  	  The	  two	  spacecraft	  in	  the	  simulation	  are	  the	  mobile	  sphere	  and	  stationary	  sphere.	  	  In	  order	  to	  create	  the	  Coulomb	  forces,	  both	  spheres	  are	  covered	  in	  aluminum	  foil	  and	  each	  wired	  to	  a	  30-­‐kilovolt	  dual	  polarity	  power	  supply.	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  3.1:	  Layout	  of	  
Complete	  Experimental	  
Test	  Set-­‐up	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The	  mobile	  sphere	  is	  mounted	  on	  a	  cart,	  which	  is	  free	  to	  move	  in	  one	  dimension	  on	  an	  air-­‐bearing	  track.	  	  Also	  mounted	  on	  the	  cart	  are	  IR	  reflectors,	  which	  are	  sensed	  by	  the	  IR	  sensors	  placed	  adjacent	  to	  the	  track.	  	  These	  IR	  sensors	  communicate	  with	  the	  air	  control	  circuit,	  which	  in	  turn	  switches	  on	  and	  off	  the	  correct	  solenoid	  valves.	  	  This	  allows	  for	  only	  the	  solenoid	  valves	  providing	  air	  directly	  underneath	  the	  cart	  to	  be	  turned	  on	  so	  that	  air	  is	  only	  flowing	  directly	  underneath	  the	  cart.	  	  	  In	  addition	  to	  the	  IR	  sensors,	  the	  HD	  camera	  is	  also	  tracking	  the	  cart.	  	  This	  camera	  will	  collect	  and	  transmit	  position	  and	  velocity	  data	  of	  the	  mobile	  sphere	  to	  the	  MATLAB	  controller.	  	  This	  controller	  then	  adjusts	  the	  voltage	  supplied	  to	  the	  mobile	  sphere	  to	  complete	  the	  closed	  loop	  system.	  	  This	  calculated	  adjustment	  in	  voltage	  is	  made	  to	  attempt	  to	  correct	  the	  error	  in	  the	  desired	  distance	  from	  the	  stationary	  sphere.	  	  	  To	  aid	  in	  the	  set	  up	  and	  assembly	  process,	  the	  design	  was	  split	  into	  four	  main	  components.	  1. Track	  and	  Cart	  Assembly	  	  2. Air	  Control	  System	  3. Power	  Supply	  4. Position	  Sensing	  and	  Determination	  The	  track	  and	  cart	  assembly	  involves	  the	  track,	  which	  was	  previously	  manufactured	  by	  last	  years	  MQP,	  and	  the	  cart,	  which	  needed	  to	  be	  redesigned	  and	  manufactured.	  	  The	  air	  control	  system	  incorporates	  all	  the	  components	  from	  the	  compressor	  until	  the	  air	  reaches	  the	  track,	  supporting	  the	  cart.	  	  The	  power	  supply	  is	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responsible	  for	  providing	  the	  electrostatic	  charge	  to	  the	  stationary	  and	  mobile	  sphere,	  along	  with	  powering	  the	  air	  control	  system	  with	  the	  solenoid	  valves	  and	  IR	  sensors.	  	  Finally,	  the	  position	  sensing	  and	  determination	  system	  tracks	  the	  cart	  and	  sends	  data	  to	  the	  controller	  to	  determine	  which	  charge	  should	  be	  applied	  to	  the	  mobile	  sphere	  to	  stabilize	  the	  system.	  	  	  
3.1	   Track	  and	  Cart	  Assembly	  Design	  	   The	  track	  and	  cart	  assembly	  is	  composed	  of	  three	  main	  parts.	  	  The	  first	  is	  the	  track.	  	  This	  track	  was	  designed	  and	  manufactured	  prior	  to	  our	  project	  for	  this	  purpose,	  and	  was	  reviewed	  to	  ensure	  no	  improvements	  or	  modifications	  were	  needed.	  	  The	  second	  component	  of	  this	  assembly	  is	  the	  cart,	  which	  is	  levitated	  above	  the	  track	  with	  a	  thin	  layer	  of	  air	  provided	  by	  the	  air	  control	  system.	  	  The	  last	  component	  is	  the	  mobile	  sphere,	  which	  rests	  upon	  the	  mobile	  cart	  to	  move	  freely	  left	  and	  right	  on	  the	  air	  bearing	  track.	  	  
3.1.1	   Track	  Design	  Review	  
	   Upon	  initiation	  of	  this	  project,	  the	  track	  design	  was	  reviewed	  in	  the	  previous	  year’s	  MQP	  report	  along	  with	  the	  completed	  track	  itself.	  	  Coulomb	  forces	  are	  so	  small	  compared	  to	  normal	  friction	  forces.	  	  In	  addition,	  any	  application	  of	  these	  forces	  would	  be	  in	  a	  frictionless	  and	  gravity	  free	  space	  environment.	  	  Due	  to	  this,	  the	  cart,	  and	  therefore	  the	  charged	  mobile	  sphere,	  also	  needs	  to	  move	  without	  friction,	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to	  receive	  accurate	  data	  to	  represent	  the	  effect	  of	  the	  Coulomb	  forces.	  	  The	  track	  is	  designed	  to	  levitate	  the	  cart	  by	  creating	  an	  air	  pocket	  beneath	  it.	  	  	  In	  previous	  studies,	  specifically	  by	  Seubert	  and	  Hanspeter	  Schaub	  in	  2009,	  commercial	  frictionless	  tracks	  were	  considered	  instead	  of	  designing	  and	  manufacturing	  a	  custom	  track.	  	  However,	  this	  option	  would	  not	  be	  appropriate	  for	  testing	  Coulomb	  tethering,	  due	  to	  the	  fact	  that	  many	  components	  in	  the	  commercial	  options	  contained	  conductive	  elements.	  	  The	  amount	  of	  air	  ejected	  from	  the	  frictionless	  tracks	  available,	  along	  with	  the	  instability	  of	  such	  systems	  also	  made	  them	  an	  unattractive	  option.	  	  	  	  	  	  	  	  



















Figure	  3.2:	  Track	  Solidworks	  Model	  	  (Eisenbach,	  2010)	   Figure	  3.3:	  Track	  Cross	  Section	  Model	  	  (Eisenbach,	  2010)	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below	  the	  cart.	  	  A	  second	  important	  feature	  of	  this	  track	  is	  that	  the	  air	  is	  not	  only	  channeled	  directly	  below	  the	  cart,	  but	  also	  on	  the	  sides	  of	  the	  cart	  which	  over	  hangs	  the	  sides	  of	  the	  track.	  	  The	  air	  here	  keeps	  the	  cart	  centerline	  aligned	  with	  the	  track	  centerline.	  If	  the	  centerlines	  were	  to	  fall	  out	  of	  alignment,	  the	  sides	  of	  the	  cart	  could	  make	  contact	  with	  the	  track	  disrupting	  the	  mobile	  spheres	  movement.	  	  	  	  The	  pressure	  needed	  to	  sufficiently	  balance	  out	  the	  weight	  of	  the	  cart	  is	  calculated	  simply	  by	  dividing	  the	  weight	  of	  the	  cart	  and	  sphere	  by	  the	  area	  where	  the	  air	  contacts	  the	  cart.	  	  The	  estimated	  pressure	  needed	  comes	  out	  to:	  	   P	  =	  0.465	  kg	  	  x	  	  9.81	  m/s^2	  	  /	  	  0.0406	  m^2	  	  =	  	  112	  Pa	  	  This	  figure,	  112	  Pascal’s,	  is	  the	  pressure	  needed	  at	  every	  point	  on	  the	  bottom	  surface	  of	  the	  cart.	  	  It	  is	  important	  not	  to	  confuse	  this	  with	  the	  output	  pressure	  needed	  from	  the	  air	  channels	  under	  the	  cart.	  	  The	  multiple	  air	  holes	  directly	  under	  the	  cart	  need	  to	  create	  this	  pressure	  on	  the	  under	  surface	  of	  the	  cart.	  Because	  the	  space	  under	  the	  cart	  is	  not	  air	  tight,	  much	  more	  pressure	  is	  needed	  for	  the	  output	  of	  the	  air	  holes	  to	  produce	  the	  force	  needed	  to	  lift	  the	  half	  a	  kilogram	  cart.	  It	  is	  important	  to	  note	  that	  track	  only	  emits	  air	  directly	  underneath	  the	  cart.	  	  If	  this	  was	  not	  the	  case,	  and	  pressurized	  air	  was	  swirling	  around	  in	  front	  and	  back	  of	  the	  cart,	  undesirable	  torques	  would	  be	  created.	  	  These	  forces	  could	  impede	  the	  mobile	  sphere	  and	  cart	  from	  moving	  in	  its	  natural	  direction.	  	  To	  control	  the	  flow	  of	  air	  to	  only	  the	  desired	  channels	  in	  the	  track,	  the	  air	  control	  system	  uses	  IR	  sensors	  to	  detect	  which	  holes	  the	  cart	  is	  over	  and	  opens	  and	  closes	  the	  appropriate	  solenoid	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valves.	  	  To	  learn	  in	  more	  detail	  about	  this	  process	  of	  the	  experiment	  please	  refer	  to	  section	  3.2.	  	  Below	  is	  a	  table	  of	  the	  specifications	  of	  the	  track:	  	  
Track	  Specifications	  Length	   30’’	  Width	   6’’	  Height	   7.5’’	  Material	   Delrin	  Intake	  Air	  Channel	   ¼’’	  diameter,	  tapped,	  1.7’’	  height,	  1.5’’	  from	  centerline	  on	  both	  sides	  Vertical	  Air	  Channel	   1/8’’	  diameter	  to	  surface	  Horizontal	  Air	  Channel	   1/8’’	  diameter	  to	  surface	  Air	  Channel	  Separation	  	  (along	  the	  length	  of	  the	  track)	   1’’	  	  Depth	  of	  Half-­‐Pipe	  	   1/8’’	  	  	  	  The	  purpose	  of	  this	  track	  is	  to	  allow	  the	  mobile	  cart	  and	  sphere	  to	  travel	  in	  one	  dimension	  along	  the	  length	  of	  the	  track.	  	  The	  one-­‐dimensional	  movement	  is	  solely	  due	  to	  the	  Coulomb	  forces	  acting	  on	  it,	  which	  optimizes	  the	  quality	  of	  the	  data	  recorded.	  	  
Table 3.1: Track Specifications 
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3.1.2	   Cart	  Design	  The	  responsibility	  of	  the	  cart	  is	  to	  provide	  a	  stable	  platform	  for	  the	  mobile	  sphere	  to	  rest	  on,	  and	  in	  doing	  so	  not	  influence	  the	  spheres	  movement	  in	  any	  way.	  	  When	  designing	  the	  cart,	  a	  few	  important	  attributes	  need	  to	  be	  considered.	  	  The	  cart	  needed	  to	  be	  low	  in	  mass	  due	  to	  the	  fact	  that	  the	  cart	  rests	  on	  a	  bed	  of	  air	  when	  it	  is	  traveling	  above	  the	  track.	  	  It	  also	  needed	  to	  be	  non-­‐conductive	  in	  order	  to	  prevent	  arcing	  and	  discharge	  between	  the	  sphere	  and	  cart.	  	  IR	  reflectors	  along	  with	  the	  charged	  sphere	  also	  need	  to	  be	  mounted	  on	  this	  structure.	  	  Lastly,	  it	  is	  very	  important	  that	  the	  cart	  is	  stable	  to	  ensure	  that	  the	  only	  movement	  experienced	  results	  from	  the	  Coulomb	  forces.	  	  	  	   Similar	  to	  the	  track,	  in	  previous	  studies,	  commercial	  frictionless	  carts	  were	  also	  considered,	  however	  proved	  to	  also	  be	  unattractive	  due	  to	  metal	  bearings	  and	  their	  high	  friction	  coefficients.	  	  The	  final	  design	  of	  the	  cart	  is	  pictured	  below	  in	  a	  screenshot	  of	  the	  Solidworks	  CAD	  model.	  	  Figure	  3.5	  shows	  the	  three	  parts	  of	  the	  cart	  assembly,	  the	  base	  with	  a	  notched	  side,	  the	  two	  sides	  with	  a	  slotted	  edge,	  and	  six	  4-­‐40	  x	  1	  plastic	  screws.	  Figure	  3.4	  shows	  these	  components	  assembled.	  	  	  	  	  	  	  	  	   Figure	  3.4:	  Cart	  CAD	  Model	  
	   34	  
	  	  	  	  	  	  
	   The	  base	  and	  sides	  were	  manufactured	  out	  of	  Ultra	  High	  Molecular	  Weight	  Polyethylene	  (UHMW).	  	  UHMW	  is	  a	  very	  strong	  material;	  because	  of	  its	  very	  high	  molecular	  weight	  it	  transfers	  loads	  very	  well	  and	  has	  the	  highest	  impact	  strength	  of	  any	  thermoplastic.	  	  This	  material	  also	  has	  a	  very	  low	  coefficient	  of	  friction,	  aiding	  in	  the	  frictionless	  track	  needed	  for	  the	  experiment.	  	  Lastly,	  UHMW	  contains	  a	  carbon	  powder	  compound	  to	  dissipate	  any	  electrostatic	  charge	  built	  up	  on	  its	  surface	  (Seubert,	  2009).	  	  This	  material	  and	  design	  allows	  for	  maximum	  rigidity	  and	  stability	  while	  still	  keeping	  the	  cart	  light	  and	  non-­‐conductive.	  	  Note	  that	  this	  component	  is	  not	  machined	  out	  of	  on	  solid	  piece	  of	  UHMW;	  this	  is	  due	  to	  the	  material	  being	  prone	  to	  warping	  and	  deformation	  over	  time	  after	  machining.	  	  Dividing	  the	  cart	  up	  into	  more	  linear	  pieces	  will	  nearly	  reduce	  this	  problem	  (Seubert,	  2009).	  	   Extensions	  were	  considered,	  and	  designed	  for	  this	  experiment,	  however	  not	  machined	  due	  to	  budget	  and	  time	  constraints.	  	  Extensions	  off	  each	  side	  of	  the	  cart	  would	  add	  weight,	  however	  if	  designed	  efficiently,	  could	  lower	  the	  center	  of	  mass	  significantly.	  	  A	  lower	  center	  of	  mass	  is	  very	  critical	  for	  the	  stability	  of	  the	  cart,	  especially	  to	  control	  rotation	  about	  its	  horizontal	  centerline.	  	  An	  analysis	  was	  done	  
Figure	  3.5:	  Cart	  Assembly	  View	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Center	  of	  Mass	  
Change	  (mm)	  No	  Extensions	   0	   0	  Extention	  #1	   22.09	   2.17	  Extention	  #2	   34.67	   8.18	  	  	  







Table 3.2: Center of Mass with and without Extensions 
Figure	  3.6:	  Cart	  CAD	  Model	  with	  Extensions	  
Figure	  3.7:	  Cart	  and	  Extensions	  Side	  View	  












3.1.3	   Spacecraft	  Design	  	   The	  simulated	  spacecraft	  are	  the	  whole	  driving	  force	  of	  this	  experiment.	  	  The	  mobile	  sphere	  is	  the	  spacecraft	  that	  is	  intended	  to	  move	  with	  the	  adjusted	  Coulomb	  force	  applied	  to	  it.	  	  In	  order	  to	  capture	  the	  electrostatic	  charge	  provided	  by	  the	  dual	  polarity	  power	  supply,	  the	  spacecraft	  need	  to	  be	  covered	  in	  a	  highly	  conductive	  material.	  	  The	  spherical	  shape	  is	  used	  to	  simplify	  the	  experiment	  by	  having	  a	  constant	  charge	  at	  all	  points	  on	  the	  surface	  of	  the	  mobile	  spacecraft.	  	  The	  weight	  of	  the	  entire	  cart	  and	  sphere	  assembly	  needs	  to	  be	  low	  in	  order	  to	  ensure	  the	  pressurized	  air	  bearing	  track,	  discussed	  in	  section	  3.1.1,	  can	  support	  it.	  	  According	  to	  the	  experimental	  set	  up	  design	  by	  Carl	  Seubert	  and	  Hanspeter	  Schaub,	  the	  assembly	  can	  have	  a	  maximum	  mass	  of	  500	  grams.	  	  	  
Cart	  	  (No	  Extensions)	  
Length	  (in)	   10.5	  	  Width	  (in)	   6.75	  Height	  (in)	   1.2	  Wall	  Thickness	  (in)	   0.25	  Total	  Cart	  Mass	  (g)	   	  352.4	  
Cart	  	  (Extensions	  Added)	  
Length	  (in)	   10.5	  Width	  (in)	   7.25	  Height	  (in)	   2.6	  Wall	  Thickness	  (in)	   0.25	  Total	  Cart	  Mass	  (g)	   387.1	  
Table 3.3: Cart Specifications 
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   Taking	  into	  account	  all	  the	  critical	  specifications	  of	  the	  mobile	  spacecraft,	  a	  final	  design	  can	  be	  decided	  upon.	  	  The	  simulated	  space	  vehicle	  can	  be	  represented	  by	  a	  simple	  Styrofoam	  sphere,	  hallowed	  out,	  and	  covered	  in	  aluminum	  foil.	  	  This	  will	  ensure	  the	  sphere	  will	  be	  as	  light	  as	  possible,	  using	  a	  very	  low-­‐density	  material	  in	  Styrofoam.	  The	  surface	  will	  be	  highly	  conductive,	  and	  ideally,	  have	  a	  constant	  charge	  throughout	  the	  entire	  surface.	  	  Table	  3.4	  highlights	  the	  mobile	  sphere’s	  main	  specifications	  below.	  	  
Mobile	  Sphere	  Specifications	  Outer	  Diameter	   10	  in	  Inner	  Diameter	   9.2	  in	  Support	  Material	   Styrofoam	  Conductive	  Surface	  Material	   Aluminum	  Foil	  Approx.	  Surface	  Conductivity	   37.67	  m/mm2d	  	  Approx.	  Weight	   98	  g	  	  
	  	   The	  fabrication	  process	  of	  the	  mobile	  sphere	  involved	  first	  hollowing	  out	  the	  10	  in	  diameter	  Styrofoam	  sphere	  to	  a	  wall	  thickness	  of	  0.4	  in	  (1	  cm).	  	  This	  thickness	  was	  determined	  to	  be	  the	  minimum	  for	  structural	  stability,	  while	  also	  ensuring	  that	  enough	  weight	  would	  be	  removed.	  	  A	  detailed	  weight	  analysis	  was	  done	  prior	  to	  hallowing	  out	  the	  sphere,	  which	  is	  discussed	  in	  section	  3.1.5.	  	  	  	  
	  
	  
Table 3.4: Mobile Sphere Specifications 










	   To	  hollow	  out	  the	  sphere,	  first	  the	  ball	  was	  cut	  in	  half	  down	  the	  centerline,	  such	  as	  in	  Figure	  3.8.	  	  A	  kitchen	  knife	  and	  small	  4-­‐inch	  pocketknife	  were	  used	  to	  take	  large	  chunks	  out	  of	  each	  half.	  	  From	  there,	  a	  course	  sand	  paper	  was	  used	  to	  smooth	  the	  interior	  to	  the	  desired	  thickness.	  Once	  both	  halves	  were	  complete,	  they	  were	  fused	  together	  using	  a	  stovetop	  as	  a	  heat	  source.	  	  The	  edges	  of	  each	  cross	  section	  were	  heated	  and	  melted,	  and	  then	  placed	  in	  contact	  to	  fuse	  together.	  	   Once	  the	  hollowed	  sphere	  was	  complete,	  it	  needed	  to	  be	  covered	  in	  a	  layer	  of	  aluminum	  foil.	  	  Several	  brands	  were	  purchased	  and	  the	  thinnest	  was	  used	  to	  save	  as	  much	  weight	  as	  possible.	  	  When	  covering	  the	  10-­‐inch	  sphere,	  it	  was	  essential	  that	  the	  conductivity	  of	  the	  surface	  was	  kept	  consistent.	  	  Minimizing	  creases,	  gaps,	  and	  imperfections	  was	  very	  important,	  which	  was	  not	  an	  easy	  task	  with	  the	  thin	  and	  fragile	  aluminum	  foil.	  	  A	  few	  pieces	  of	  double-­‐sided	  tape	  were	  the	  only	  other	  material	  used	  to	  wrap	  the	  sphere	  in	  foil.	  	  	  
Figure	  3.8:	  Hollowed	  half	  of	  the	  mobile	  sphere	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   In	  order	  to	  secure	  the	  mobile	  sphere	  to	  the	  cart	  after	  completion,	  a	  2-­‐inch	  diameter	  PVC	  pipe	  cap	  was	  purchase.	  	  This	  simple	  plastic	  piece	  was	  non-­‐conductive	  and	  very	  lightweight,	  which	  is	  needed	  for	  the	  application.	  	  	   In	  addition	  to	  the	  mobile	  sphere,	  a	  stationary	  sphere	  was	  also	  needed	  to	  simulate	  the	  other	  spacecraft	  in	  the	  Coulomb	  force	  attraction	  experiment.	  	  This	  sphere	  would	  be	  fabricated	  to	  the	  exact	  same	  specifications	  as	  the	  mobile	  sphere,	  except	  this	  sphere	  did	  not	  need	  to	  be	  hallowed	  out.	  	  This	  is	  because	  the	  stationary	  sphere	  is	  supported	  by	  a	  PVC	  pipe	  mount,	  and	  is	  not	  mobile,	  eliminating	  the	  need	  for	  a	  minimum	  weight	  constraint.	  	  This	  simplified	  the	  process	  greatly,	  and	  the	  only	  step	  needed	  was	  to	  cover	  it	  in	  a	  thin	  layer	  of	  aluminum	  foil	  for	  conductivity.	  	  This	  was	  done	  in	  the	  same	  fashion	  as	  the	  mobile	  sphere.	  	   	  
3.1.4	   Other	  Cart	  and	  Track	  Assembly	  Components	  To	  mount	  the	  stationary	  sphere,	  a	  1.5-­‐inch	  and	  2-­‐inch	  diameter	  PVC	  pipes	  were	  purchased.	  	  The	  sphere	  would	  rest	  upon	  the	  smaller	  of	  the	  two,	  which	  was	  slid	  inside	  the	  larger.	  	  Several	  holes	  were	  drilled	  through	  both	  pipes	  at	  various	  heights.	  	  This	  design	  was	  used	  to	  allow	  for	  an	  adjustable	  height	  of	  the	  stationary	  sphere	  relative	  to	  the	  surface	  the	  mount	  was	  resting	  on.	  The	  mount	  is	  adjustable	  to	  heights	  of	  7	  inches	  to	  13	  inches	  from	  the	  table	  in	  increments	  of	  an	  inch.	  	  The	  minimum	  of	  7	  inches	  was	  chosen	  because	  the	  top	  of	  the	  track	  is	  7.5	  inches	  from	  the	  surface	  it	  is	  resting	  on,	  so	  the	  sphere	  would	  never	  need	  to	  be	  lower	  than	  7	  inches.	  	  13	  inches	  was	  the	  maximum,	  because	  the	  inner	  PVC	  pipe	  will	  only	  be	  7	  inches	  tall,	  constricting	  exactly	  how	  much	  height	  could	  be	  added	  to	  the	  larger	  PVC	  pipe.	  	  Depending	  on	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where	  the	  experiment	  will	  take	  place,	  the	  two	  spheres	  will	  always	  be	  properly	  aligned.	  	  	  	  	   	  	  	  	  	  
	   	  
	   One	  final	  component	  worth	  mention	  is	  the	  IR	  reflector	  that	  is	  mounted	  onto	  the	  cart.	  	  The	  IR	  reflector	  is	  the	  connection	  between	  the	  track	  and	  cart	  assembly	  and	  the	  air	  control	  system.	  	  As	  the	  IR	  sensors,	  which	  will	  be	  explained	  in	  more	  detail	  in	  section	  3.4,	  transmit	  infrared	  waves	  out	  toward	  the	  track,	  a	  reflector	  is	  needed	  to	  transmit	  the	  waves	  back.	  	  This	  will	  allow	  the	  sensors	  to	  either	  “see”	  the	  IR	  reflector,	  and	  in	  essence	  the	  cart,	  or	  “see”	  nothing.	  	  The	  sensors	  will	  “see”	  the	  cart	  only	  if	  it	  receives	  these	  waves	  back.	  	  This	  will	  in	  turn	  allow	  only	  the	  correct	  solenoid	  valves	  to	  be	  opened,	  and	  only	  pressurized	  air	  to	  be	  supplied	  to	  directly	  beneath	  the	  cart.	  	   In	  order	  to	  ensure	  the	  reflector	  would	  do	  its	  job	  and	  transmit	  the	  waves	  back	  to	  the	  sensors,	  the	  correct	  material	  needs	  to	  be	  chosen.	  	  After	  researching	  several	  apparently	  superior	  reflector	  materials	  such	  as	  titanium	  dioxide	  and	  Mylar,	  a	  
Figure	  3.9:	  Stationary	  Sphere	  Adjustable	  Mount	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standard	  white	  poster	  board	  was	  determined	  to	  be	  perfectly	  fine	  for	  this	  application.	  	  	  	   The	  IR	  reflector	  was	  secured	  to	  the	  cart	  via	  the	  nylon	  screws.	  	  Due	  to	  the	  fact	  that	  balancing	  the	  cart	  so	  that	  weight	  is	  evenly	  distributed	  on	  its	  platform	  was	  important,	  a	  reflector	  was	  mounted	  on	  both	  sides.	  	  If	  weight	  were	  to	  become	  a	  critical	  issue	  with	  the	  cart	  and	  sphere	  assembly,	  then	  this	  could	  be	  removed	  and	  the	  experimental	  test	  set-­‐up	  would	  still	  function	  properly.	  	  More	  information	  is	  available	  on	  the	  IR	  reflectors	  in	  section	  3.4.1	  in	  the	  context	  of	  the	  position	  sensing	  system.	  	  






	  Figure	  3.10:	  Completed	  Cart	  and	  Track	  Assembly	   Figure	  3.11:	  Completed	  Cart	  and	  Track	  Assembly	  Side	  View	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3.2	   Air	  Control	  System	  The	  purpose	  of	  the	  air	  control	  system	  is	  to	  provide	  pressurized	  air	  to	  the	  track	  to	  levitate	  the	  cart	  while	  also	  ensuring	  that	  there	  is	  only	  air	  flowing	  beneath	  the	  cart.	  When	  air	  flows	  over	  the	  edges	  of	  the	  cart	  on	  its	  sides	  it	  causes	  the	  cart	  to	  resist	  motion	  in	  the	  horizontal	  direction.	  Since	  the	  forces	  being	  applied	  to	  the	  cart	  by	  the	  coulomb	  tethering	  are	  small,	  the	  force	  being	  applied	  by	  the	  air	  is	  large	  enough	  to	  affect	  the	  results	  of	  the	  experiment.	  To	  ensure	  that	  air	  is	  only	  flowing	  beneath	  the	  cart,	  infrared	  sensors	  were	  implemented	  into	  the	  system	  to	  control	  the	  solenoid	  valves,	  which	  determines	  the	  airflow.	  	  
3.2.1	   Solenoid	  Valves	  Solenoid	  valves	  are	  being	  used	  to	  control	  the	  flow	  of	  air	  within	  the	  track.	  The	  valves	  are	  activated	  by	  infrared	  sensors	  when	  they	  detect	  the	  cart	  is	  above	  their	  corresponding	  holes.	  	  During	  the	  selection	  process	  of	  the	  solenoid	  valves,	  we	  determined	  that	  they	  would	  need	  to	  be	  able	  to	  withstand	  pressures	  greater	  than	  160	  psi	  to	  ensure	  they	  do	  not	  fail.	  	  	  	  	  	  	   	  The	  valves	  also	  needed	  to	  be	  normally	  closed	  when	  un-­‐actuated.	  	  In	  other	  words,	  when	  the	  IR	  sensors	  were	  not	  sending	  them	  a	  signal,	  the	  valves	  would	  be	  in	  
Figure	  3.12:	  KIP	  Solenoid	  Valves	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Maximum	  Pressure	  (PSI)	  
Cost	  of	  Solenoid	  Valves	  vs	  
Pressure	  
Figure	  3.13:	  Cost	  of	  Solenoid	  Valves	  vs	  Maximum	  Pressure	  






	   The	  major	  difference	  is	  that	  Hanspeter	  Schaub	  and	  Seubert	  used	  DC	  controlled	  solenoid	  valves,	  where	  as	  the	  current	  experimental	  set	  up	  uses	  AC	  controlled	  solenoid	  valves.	  This	  caused	  a	  complication	  in	  the	  implementation	  of	  the	  original	  circuit.	  This	  is	  fixed	  by	  inserting	  triacs,	  which	  act	  like	  switches	  for	  alternating	  current,	  and	  are	  “turned	  on”	  by	  DC	  current	  being	  applied	  across	  their	  AC	  leads.	   Another	  modification	  to	  the	  original	  circuit	  is	  that	  two	  infrared	  sensors	  instead	  of	  one	  now	  control	  each	  solenoid	  valve.	  This	  allowed	  the	  number	  of	  valves	  purchased	  to	  be	  reduced,	  while	  still	  keeping	  control	  of	  the	  airflow.	  This	  was	  done	  by	  increasing	  the	  resistance	  of	  the	  potentiometer	  in	  the	  system,	  which	  results	  in	  more	  voltage	  being	  required	  to	  activate	  the	  valves,	  and	  therefore	  a	  second	  infrared	  sensor	  input.	  The	  new	  air	  control	  circuit	  can	  be	  seen	  below.	  	  	  	  
Figure	  3.14:	  Initial	  Air	  Control	  Circuit	  








3.2.3	   Piping	  and	  Other	  Components	  The	  air	  control	  system	  is	  powered	  by	  a	  26	  gallon	  and	  1.5	  horsepower	  air	  compressor.	  It	  outputs	  a	  maximum	  of	  160	  psi.	  The	  compressor	  is	  attached	  to	  a	  manifold	  with	  29	  outputs.	  Each	  of	  the	  29	  outputs	  runs	  to	  a	  set	  of	  holes	  set	  in	  the	  track,	  which	  are	  used	  to	  levitate	  the	  cart.	  Due	  to	  the	  cost	  of	  the	  solenoid	  valves	  it	  was	  decided	  that	  it	  would	  be	  acceptable	  to	  decrease	  control	  over	  the	  airflow,	  by	  having	  every	  two	  sets	  of	  holes	  controlled	  by	  one	  valve.	  As	  long	  as	  the	  air	  control	  circuit	  is	  built	  properly,	  this	  still	  ensures	  that	  air	  is	  flowing	  directly	  under	  the	  cart,	  and	  not	  applying	  forces	  in	  the	  horizontal	  direction.	  A	  final	  component	  necessary	  for	  the	  completion	  of	  the	  air	  control	  system	  was	  a	  mount.	  	  This	  mount	  would	  actually	  house	  parts	  from	  the	  position	  sensing	  subsystem	  as	  well	  as	  the	  air	  control	  system,	  integrating	  the	  two	  subassemblies.	  Shown	  below,	  the	  IR	  sensor	  mount	  was	  first	  modeled	  in	  Solidworks	  and	  then	  
Figure	  3.15:	  Final	  Air	  Control	  Circuit	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converted	  to	  ESPRIT	  files	  to	  be	  machined	  in	  the	  WPI	  machine	  shop.	  The	  main	  beam	  running	  horizontally	  is	  where	  the	  IR	  sensors	  will	  be	  mounted	  with	  1-­‐inch	  separation	  in	  the	  lateral	  direction.	  The	  base	  will	  house	  the	  air	  control	  circuits,	  described	  above,	  and	  the	  front	  of	  the	  base	  is	  where	  the	  solenoid	  valves	  will	  be	  secured.	  	  The	  IR	  sensor	  mount	  will	  also	  be	  height	  adjustable,	  so	  that	  the	  IR	  sensors	  can	  be	  moved	  up	  or	  down	  depending	  on	  the	  location	  and	  setting	  the	  experiment	  will	  take	  place	  in.	  	  The	  adjustable	  height	  is	  important,	  because	  a	  permanent	  housing	  for	  this	  experiment	  has	  yet	  to	  be	  designed	  or	  constructed,	  and	  it	  is	  critical	  that	  all	  the	  correct	  components	  line	  up	  for	  it	  to	  function	  properly.	  	  	  	  	  	  	  	  	  	  	  
3.3	   Power	  Supply	  	   The	  power	  supply	  is	  responsible	  for	  two	  very	  important	  tasks	  in	  the	  experimental	  test	  set-­‐up.	  	  The	  first	  subsystem	  of	  the	  power	  supply	  is	  used	  to	  power	  the	  stationary	  sphere	  and	  mobile	  sphere.	  	  The	  second	  subsystem	  is	  responsible	  for	  
Figure	  3.16:	  IR	  Sensor	  Mount	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the	  power	  of	  all	  other	  components	  of	  the	  experiment,	  such	  as	  the	  solenoid	  valves,	  IR	  sensors,	  and	  compressor.	  	  Without	  the	  proper	  equipment,	  the	  test	  set-­‐up	  would	  simply	  be	  a	  display,	  and	  would	  not	  be	  functional	  at	  all.	  	  	  	  
3.3.1	   Spacecraft	  Power	  Subsystem	  
	   In	  order	  to	  simulate	  the	  electrostatic	  charge	  that	  would	  be	  built	  up	  on	  spacecraft	  while	  in	  flight,	  it	  is	  necessary	  to	  use	  two	  power	  supplies	  for	  each	  individual	  sphere.	  	  The	  stationary	  sphere	  is	  set	  to	  hold	  a	  constant	  positive	  or	  negative	  charge	  at	  30kV	  on	  its	  surface.	  	  The	  mobile	  sphere	  is	  designed	  to	  adjust	  its	  charge	  in	  order	  to	  achieve	  the	  desired	  separation	  from	  the	  stationary	  sphere.	  	  This	  requires	  a	  dual	  polarity	  power	  supply	  separate	  from	  the	  stationary	  sphere’s	  supply.	  	  The	  mobile	  sphere	  power	  supply	  must	  be	  dual	  polarity	  in	  order	  to	  allow	  it	  to	  adjust	  the	  force	  between	  the	  spacecraft,	  either	  attractive	  if	  the	  separation	  distance	  is	  too	  large,	  or	  repulsive	  if	  the	  separation	  distance	  is	  to	  small	  from	  the	  desired	  distance.	  	  	  	   The	  mobile	  sphere	  will	  utilize	  a	  Spellman	  Dual	  Polarity	  Auto	  Reversing	  Electrostatic	  Power	  Supply,	  which	  was	  purchased	  by	  the	  previous	  MQP	  team.	  	  Table	  3.4	  displays	  the	  power	  supplies	  specifications,	  which	  are	  sufficient	  for	  this	  experiment.	   Spellman	  Power	  Supply	  Specifications	  Maximum	  Voltage	   30	  kV	  Operating	  Amperage	   300	  μA	  Power	  Output	   9	  W	  Connection	   Analog	  25-­‐Pin	  	   Table 3.5: Mobile Sphere Specifications 
	   48	  







3.3.2	   Additional	  Power	  Supplies	  	   In	  addition	  to	  the	  main	  two	  power	  supplies	  to	  provide	  the	  proper	  charge	  on	  the	  mobile	  and	  stationary	  spheres,	  more	  generic	  power	  supplies	  are	  needed	  to	  make	  the	  experiment	  functional.	  	  The	  IR	  sensors	  will	  need	  an	  input	  voltage	  with	  a	  range	  of	  
Figure	  3.17:	  Power	  Supply	  and	  DAQ	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-­‐3V	  to	  +7V	  in	  order	  to	  process	  the	  signal	  it	  receives	  and	  provide	  an	  output	  voltage.	  	  The	  air	  control	  circuit	  described	  in	  section	  3.2.2,	  will	  power	  these	  sensors.	  	  	  Another	  component	  needing	  power	  is	  the	  solenoid	  valves,	  which	  are	  either	  “on”	  or	  “off”	  depending	  on	  whether	  the	  IR	  sensor	  “sees”	  or	  “sees	  nothing.”	  If	  the	  IR	  sensor	  does	  not	  sense	  the	  cart	  in	  front	  of	  it,	  then	  it	  will	  not	  provide	  power	  to	  its	  respective	  valve,	  and	  it	  will	  shut.	  	  The	  final	  component	  that	  needs	  to	  be	  powered	  in	  is	  the	  Craftsman	  compressor.	  	  This	  compressor	  can	  plug	  into	  any	  standard	  wall	  socket.	  
	  	  
3.4	   Position	  Sensing	  and	  Determination	  The	  closed-­‐loop	  controller,	  which	  controls	  the	  power	  supplies,	  needs	  feedback	  on	  the	  current	  distance	  between	  the	  spheres	  in	  order	  to	  determine	  the	  voltage	  needed	  on	  each	  sphere	  to	  achieve	  the	  desired	  distance	  between	  them.	  	  Additionally,	  the	  position	  of	  the	  mobile	  sphere	  on	  the	  track	  is	  required	  so	  that	  the	  air	  control	  circuit	  can	  control	  the	  valves	  leading	  to	  the	  airports	  under	  the	  cart-­‐and-­‐sphere	  assembly.	  	  Due	  to	  the	  different	  systems	  the	  experimental	  setup	  uses	  to	  control	  the	  sphere	  voltages	  and	  air	  valves,	  two	  different	  sensor	  systems	  are	  needed	  to	  determine	  the	  mobile	  sphere	  position.	  	  For	  the	  air	  control	  system,	  the	  experimental	  setup	  uses	  IR	  sensors.	  	  The	  closed-­‐loop	  controller	  takes	  position	  data	  from	  a	  vision-­‐based	  tracking	  system.	  	  Both	  systems	  are	  described	  in	  detail	  below.	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3.4.1	   IR	  Sensors	  Position	  Sensing	  System	  The	  air	  control	  system,	  explained	  in	  detail	  previously	  and	  seen	  in	  figure	  3.18,	  is	  used	  to	  restrict	  airflow	  to	  the	  area	  under	  the	  cart	  in	  order	  to	  enable	  the	  compressor	  to	  maintain	  a	  high	  enough	  air	  pressure	  to	  lift	  the	  cart	  off	  the	  track.	  	  	  
	  
	  	  	  	  	  




Figure	  3.19:	  Infrared	  Sensor	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Figure	  3.20:	  Cart-­‐and-­‐Sphere	  Assembly	  with	  Attached	  Infrared	  Reflector	  	  
3.4.2	   High	  Definition	  Video	  Camera	  Position	  Determination	  Due	  to	  the	  high	  voltages	  in	  use	  for	  the	  experiment,	  any	  position	  sensors	  used	  must	  be	  outside	  the	  minimum	  safety	  distance	  of	  0.75m.	  	  This	  makes	  a	  vision-­‐based	  tracking	  system	  the	  most	  convenient	  to	  use	  in	  order	  to	  ensure	  that	  the	  sensor	  will	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   Due	  to	  fiscal	  limits,	  our	  group	  was	  not	  able	  to	  use	  a	  laser	  rangefinder	  to	  input	  position	  data	  to	  the	  closed	  loop	  controller.	  	  We	  therefore	  decided	  to	  use	  a	  digital	  video	  camera	  connected	  to	  tracking	  software	  as	  our	  sensor	  to	  send	  position	  data	  to	  the	  controller.	  	  To	  ensure	  the	  vision-­‐based	  tracking	  system	  could	  achieve	  the	  desired	  resolution	  of	  less	  than	  one	  millimeter,	  we	  had	  to	  ensure	  the	  video	  camera	  had	  a	  sensor	  chip	  with	  a	  large	  number	  of	  pixels.	  	  To	  determine	  the	  theoretical	  minimum	  number	  of	  pixels,	  one	  must	  take	  into	  account	  the	  camera	  sensor	  size,	  the	  size	  of	  the	  observed	  scene,	  the	  focal	  length	  of	  the	  camera,	  and	  the	  distance	  between	  the	  camera	  lens	  and	  the	  observed	  scene.	  	  This	  yields	  the	  following	  equation:	  
!
ℎ = !"#!$%  !"#$!"#$#  !"#$ 	  










Figure 3. Model of laboratory Coulomb testbed
have friction that can be a magnitude greater than the Coulomb forces of this testbed.
A suitable track was designed and constructed at the University to meet the Coulomb testing
needs. It is a square plastic track and cart system that utilizes controllable air flow along its length
providing a cushion of air between track and cart achieving near frictionless motion. Along its
leng h it has two rows of air h les on the top and another row along each side. The air holes along
the side provide a cushion of air for lateral stability and ensure no contact in any axis between
cart and track. A square track was utilized as it can be easily machined and manufactured to the
tolerances required. The track design specifications are highlighted in Table 2.
The first track material investigated was the glass fiber weave, G-10. This option was not pur-
sued as machining of the material is difficult and requires additional safety requirements for the
airborne glass fibers. The raw material cost is also very high for the amount of stock required in
this testbed. The first prototype track was constructed of anti-static Ultra High Molecular Weight
(UHMW) polyethylene. This polyethylene compound has a carbon powd r added to its compo-
sition to dissipate any electrostatic charge build up. The anti-static UHMW provides a suitable
prototype material for constructing a track of this length and a smooth machined top surface was
achieved. This material however does not maintain dimensional stability and significant warping
and deformation is encountered over time.
The current track is constructed of Polyoxymethylene, which is commonly known as Delrin. Del-
rin was selected as it is easily machined to the tolerances and surface finishes required for the track
and with stock this large it maintains dimensional stability. The track is supported with a plastic
I-beam made of two pieces of high density polyethylene which is inexpensive, easy to machine and
provides suitable rigidity and support. The I-beam design was selected as it provides good lateral
support to the track, does not interfere with track air hole design and allows the air connection hoses
to be easily connected on the bottom side of the track. The first generation track with cart is shown
8
	   53	  
where	  f	  is	  the	  camera	  focal	  length	  (distance	  between	  sensor	  and	  lens),	  and	  h	  is	  the	  distance	  between	  the	  camera	  lens	  and	  the	  observed	  scene.	  	  The	  scene	  size	  is	  the	  length	  of	  the	  air	  track,	  while	  h	  must	  be	  at	  least	  the	  0.75	  meter	  safety	  distance	  since	  the	  camera	  contains	  metal	  parts.	  	  Once	  the	  sensor	  size	  has	  been	  determined,	  it	  is	  divided	  by	  the	  number	  of	  pixels	  on	  the	  sensor	  chip	  to	  determine	  the	  distance	  in	  the	  scene	  each	  pixel	  observes.	  	  Given	  the	  fact	  that	  the	  experimental	  setup	  requires	  a	  resolution	  of	  less	  than	  one	  millimeter,	  the	  following	  equation	  is	  obtained:	  
!"#!$%  !"#$!"#$%& ≤ 1  !!/!"#$%	  
Our	  group	  selected	  the	  Logitech	  Quickcam	  Pro	  9000	  webcam,	  seen	  in	  figure	  3.22,	  due	  to	  its	  USB	  output	  which	  makes	  it	  easy	  to	  connect	  to	  the	  tracking	  software.	  	  The	  camera	  has	  a	  1/3.5	  inch	  image	  sensor	  with	  2	  million	  pixels.	  	  The	  above	  equation	  then	  yields	  a	  theoretical	  resolution	  of	  0.568	  mm/pixel.	  
	  
Figure	  3.22:	  Logitech	  Quickcam	  Pro	  9000	  	   The	  core	  of	  the	  visual-­‐based	  tracking	  system	  is	  the	  tracking	  software.	  	  The	  software	  receives	  an	  input	  from	  the	  camera,	  identifies	  the	  object	  to	  be	  tracked,	  tracks	  the	  object,	  and	  then	  outputs	  the	  object	  position	  data	  to	  the	  closed-­‐loop	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controller.	  	  Our	  group	  used	  the	  free	  SwisTrack	  tracking	  software	  from	  the	  École	  Polytechnique	  Fédérale	  de	  Lausanne.	  	  The	  software	  was	  originally	  designed	  to	  track	  robots	  in	  an	  arena,	  but	  can	  be	  used	  for	  many	  other	  applications	  due	  to	  the	  modular	  buildup	  of	  the	  components.	  	  The	  general	  interface	  can	  be	  seen	  in	  figure	  3.23.	  
	  
Figure	  3.23:	  SwisTrack	  user	  interface	  	  The	  following	  is	  a	  detailed	  overview	  of	  the	  components	  our	  group	  used	  to	  track	  the	  position	  of	  the	  mobile	  sphere:	  
	   The	  first	  component	  used	  in	  SwisTrack	  is	  the	  trigger,	  seen	  in	  figure	  3.24.	  	  It	  tells	  the	  tracking	  program	  which	  frames	  from	  the	  incoming	  camera	  data	  to	  analyze	  and	  can	  be	  set	  to	  a	  timer	  or	  manual	  input.	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Figure	  3.24:	  Trigger	  Component	  of	  SwisTrack	  	  Our	  setup	  uses	  a	  timer	  trigger	  since	  the	  position	  of	  the	  mobile	  sphere	  is	  to	  be	  recorded	  continuously.	  
	   The	  second	  component	  is	  the	  camera	  input,	  seen	  in	  figure	  3.25.	  	  It	  inputs	  the	  video	  stream	  from	  the	  camera	  for	  processing	  and	  allows	  for	  configuration	  of	  the	  camera	  without	  the	  need	  for	  extra	  software	  from	  the	  camera	  manufacturer.	  	  For	  unknown	  reasons,	  the	  camera	  our	  group	  is	  using	  cannot	  be	  configured	  in	  SwisTrack,	  requiring	  camera	  configuration	  using	  the	  camera’s	  own	  software.	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Figure	  3.25:	  Camera	  Input	  Component	  of	  SwisTrack	  	  	   Conversion	  to	  RGB,	  seen	  in	  figure	  3.26,	  is	  the	  third	  component	  in	  the	  tracking	  software.	  	  It	  converts	  the	  video	  stream	  from	  the	  camera	  into	  a	  3-­‐channel	  color	  video	  stream	  for	  further	  processing.	  	  The	  component	  functions	  with	  both	  color	  and	  gray-­‐scale	  video	  inputs.	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Figure	  3.26:	  Conversion	  to	  RGB	  in	  SwisTrack	  	   Background	  subtraction	  occurs	  as	  the	  fourth	  step	  in	  SwisTrack.	  	  An	  image	  is	  taken	  of	  the	  testing	  scene	  without	  the	  object	  that	  is	  to	  be	  tracked.	  	  Figure	  3.27	  shows	  the	  SwisTrack	  interface	  with	  the	  background	  subtraction	  component	  selected.	  
	  
Figure	  3.27:	  Background	  Subtraction	  with	  Tracked	  Object	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The	  image	  is	  used	  as	  the	  background	  and	  input	  to	  SwisTrack.	  	  The	  background	  subtraction	  component	  subtracts	  the	  background	  image	  from	  the	  image	  currently	  being	  processed.	  	  Any	  objects	  not	  in	  the	  background	  image	  stand	  out	  in	  the	  new	  image.	  	  In	  figure	  10,	  this	  is	  the	  blue	  laser	  point.	  	  The	  component	  prepares	  the	  image	  for	  thresholding	  by	  clearly	  highlighting	  the	  object	  to	  be	  tracked.	  	  The	  six	  pale	  points	  close	  to	  the	  laser	  point	  are	  the	  configuration	  points,	  which	  are	  part	  of	  the	  background	  image.	  	  They	  show	  up	  in	  the	  output	  image	  from	  the	  background	  subtraction	  component	  due	  to	  slight	  changes	  in	  lighting	  conditions	  from	  when	  the	  background	  image	  was	  taken.	  	  This	  shows	  that	  the	  system’s	  tracking	  performance	  is	  susceptible	  to	  lighting	  condition	  changes,	  however	  the	  slight	  changes	  obtained	  in	  this	  case	  are	  negated	  by	  the	  next	  component,	  thresholding.	  
	   Thresholding	  is	  the	  fifth	  component,	  shown	  in	  figure	  3.28.	  	  This	  step	  clearly	  separates	  the	  tracked	  object	  from	  the	  background.	  	  The	  image	  pixels	  of	  the	  object	  not	  in	  the	  background	  image	  are	  converted	  to	  white	  pixels.	  	  The	  rest	  of	  the	  image,	  defined	  as	  the	  background,	  is	  converted	  to	  black	  pixels.	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Figure	  3.28:	  Thresholding	  in	  SwisTrack	  	   The	  level	  of	  thresholding	  can	  be	  adjusted	  while	  the	  system	  is	  running	  to	  achieve	  an	  optimal	  level	  and	  ensure	  only	  the	  object	  to	  be	  tracked	  is	  separated	  from	  the	  background.	  	  The	  calibration	  points	  that	  showed	  up	  in	  the	  image	  after	  background	  subtraction	  were	  ignored	  by	  setting	  the	  thresholding	  level	  high	  enough	  to	  only	  show	  the	  tracked	  object.	  
	   Blob	  detection	  occurs	  in	  the	  sixth	  component,	  shown	  in	  figure	  3.29.	  	  The	  white	  pixels	  of	  the	  tracked	  object	  created	  during	  thresholding	  are	  identified	  and	  given	  a	  particle	  identification	  tag.	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Figure	  3.29:	  Blob	  Detection	  Component	  with	  tagged	  Object	  	   Multiple	  objects	  can	  be	  tracked,	  however	  for	  our	  experiment	  we	  only	  need	  to	  track	  one	  object	  in	  the	  form	  of	  the	  cart-­‐and-­‐sphere	  assembly.	  	  If	  multiple	  objects	  appear	  during	  this	  step	  due	  to	  changes	  in	  lighting	  condition	  or	  a	  shift	  in	  camera	  position,	  the	  component	  identifies	  the	  largest	  objects	  until	  it	  reaches	  the	  assigned	  limit	  of	  tracked	  objects.	  	  Since	  we	  are	  only	  tracking	  a	  single	  object,	  the	  assembly	  will	  still	  be	  identified	  as	  the	  tracked	  object	  as	  long	  as	  the	  areas	  of	  the	  image	  affected	  by	  lighting	  condition	  changes	  are	  smaller	  than	  the	  assembly	  and	  a	  high	  enough	  thresholding	  value	  is	  used.	  	  The	  blob	  detection	  component	  also	  contains	  parameters	  to	  adjust	  the	  size,	  orientation,	  and	  compactness	  of	  the	  object	  to	  be	  tracked.	  	  This	  allows	  further	  refinement	  in	  identifying	  the	  tracked	  object,	  but	  is	  unnecessary	  for	  the	  needs	  of	  our	  experiment	  since	  only	  a	  single	  object	  is	  present	  in	  the	  image.	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Figure	  12	  therefore	  shows	  these	  detection	  parameters	  unused	  to	  avoid	  complications	  in	  object	  acquisition	  and	  tagging.	  
	   The	  seventh	  component	  is	  calibration,	  which	  is	  used	  to	  convert	  the	  coordinates	  of	  objects	  in	  the	  image	  being	  processed	  to	  world	  coordinates.	  	  The	  transformation	  is	  nonlinear	  and	  is	  approximated	  by	  a	  second-­‐order,	  non-­‐symmetric	  polynomial	  of	  the	  form:	  
! =   !!!! + !!"! + !!" + !!"!! + !!"!! + !!"!"	  
! =   !!"! + !!!! + !!" + !!"!! + !!"!! + !!"!"	  
where	  u	  and	  v	  are	  image	  coordinates	  and	  x	  and	  y	  are	  world	  coordinates.	  	  Six	  points	  in	  the	  image	  with	  known	  world	  coordinates	  are	  marked	  and	  their	  world	  coordinates	  are	  input	  into	  the	  algorithm.	  	  The	  algorithm	  is	  run	  in	  MATLab	  and	  outputs	  an	  XML	  file	  with	  the	  world	  and	  image	  coordinates	  of	  each	  of	  the	  selected	  points.	  	  The	  MATLab	  codes	  for	  the	  algorithm	  and	  the	  XML	  file	  creation	  are	  included	  in	  appendix	  A.	  	  The	  six	  points	  visible	  in	  the	  background	  image	  and	  video	  feed	  are	  the	  calibration	  points.	  
	   The	  final	  component	  is	  the	  output	  component,	  shown	  in	  figure	  3.30.	  	  This	  outputs	  the	  world	  coordinates	  of	  the	  tracked	  object	  in	  real-­‐time	  via	  an	  NMEA	  stream.	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Figure	  3.30:	  Output	  Component	  of	  SwisTrack	  	   While	  SwisTrack	  does	  output	  the	  object	  position	  to	  a	  text	  file,	  this	  cannot	  be	  loaded	  into	  the	  MATLab-­‐based	  closed-­‐loop	  controller	  in	  real-­‐time,	  and	  is	  thus	  not	  suitable	  for	  our	  needs.	  	  MATLab	  does	  not	  interface	  directly	  with	  the	  NMEA	  stream,	  but	  is	  able	  to	  receive	  the	  object	  position	  in	  real-­‐time	  from	  a	  third-­‐party	  program	  such	  as	  HyperTerminal.	  	  This	  then	  sends	  the	  position	  data	  to	  MATLab	  in	  matrix	  form.	  	  Due	  to	  the	  complexity	  of	  the	  process	  and	  budgetary	  reasons,	  this	  step	  must	  be	  tested	  by	  a	  later	  MQP	  group.	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3.6	   Final	  Experimental	  Test	  Set-­‐Up	  Assembly	  	   As	  the	  four	  major	  components	  of	  the	  test	  set-­‐up	  were	  being	  finalized,	  assembly	  and	  testing	  began.	  	  The	  completion	  of	  the	  experimental	  set-­‐up	  is	  beyond	  the	  scope	  of	  this	  project,	  however,	  preliminary	  testing	  and	  assembly	  can	  still	  be	  done	  on	  some	  of	  the	  major	  groups	  of	  components.	  	  	  
	  
3.6.1	   Track	  and	  Cart	  Assembly	  Testing	  	   The	  track	  and	  cart	  assembly	  was	  tested	  with	  a	  modified	  version	  of	  the	  air	  control	  system	  to	  determine	  the	  effectiveness	  of	  the	  frictionless	  track.	  	  Once	  the	  cart	  was	  completely	  manufactured	  from	  the	  machine	  shop,	  the	  IR	  reflectors	  and	  mobile	  sphere	  could	  be	  mounted	  on	  top.	  	  It	  was	  placed	  on	  the	  track	  in	  an	  arbitrary	  position,	  as	  the	  Craftsman	  160	  psi	  compressor	  was	  attached	  to	  the	  air	  intake	  PVC	  pipe.	  	  Multiple	  tests	  were	  done	  to	  determine	  if	  the	  proper	  pressure	  would	  be	  provided	  to	  the	  cart	  to	  eliminate	  the	  friction.	  	  Unfortunately,	  at	  this	  time,	  the	  complete	  air	  control	  system	  had	  not	  been	  implemented,	  so	  all	  29	  air	  channels	  were	  emitting	  air	  our	  of	  the	  track.	  	  Under	  a	  full	  functioning	  air	  control	  system,	  only	  10	  of	  the	  29	  channels	  would	  be	  releasing	  air,	  meaning	  that	  the	  pressure	  provided	  to	  the	  cart	  is	  much	  less	  in	  this	  experiment.	  	  Another	  concern	  with	  having	  all	  the	  air	  channels	  open	  is	  that	  the	  compressor	  tank	  will	  also	  empty	  much	  faster	  than	  it	  would	  under	  normal	  experimental	  circumstances.	  	  It	  was	  an	  option	  to	  possibly	  plug	  or	  clamp	  19	  of	  the	  channels,	  however,	  for	  this	  test	  we	  felt	  it	  was	  not	  necessary	  to	  do	  so	  in	  order	  to	  test	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the	  functionality	  of	  the	  frictionless	  track.	  	  It	  was	  also	  a	  concern	  that	  clamping	  the	  air	  tubes	  would	  damage	  them	  through	  permanent	  deformation.	  
	   The	  testing	  of	  the	  track	  and	  cart	  with	  the	  air	  system	  resulted	  in	  mix	  data.	  	  The	  pressure	  provided	  by	  the	  compressor,	  even	  at	  its	  peak	  of	  160	  psi,	  did	  not	  completely	  eliminate	  the	  friction	  between	  the	  cart	  and	  track.	  	  However,	  from	  a	  qualitative	  standpoint,	  it	  was	  much	  easier	  to	  push	  and	  “coast”	  the	  cart	  down	  the	  track.	  	  It	  is	  important	  to	  keep	  in	  mind	  that	  the	  maximum	  pressure	  beneath	  the	  cart	  during	  this	  test	  is	  much	  less	  than	  it	  will	  be	  following	  the	  completion	  of	  the	  air	  control	  system.	  	  Theoretically,	  the	  pressure	  emitting	  from	  the	  10	  air	  channels	  during	  the	  actual	  experimental	  process	  will	  be	  2.9	  times	  larger.	  	  From	  this,	  we	  can	  say	  that	  the	  frictional	  force	  in	  the	  actual	  experimental	  set-­‐up	  will	  decrease	  by	  a	  value	  equal	  to	  1.9	  multiplied	  by	  the	  friction	  coefficient,	  original	  pressure,	  and	  area	  of	  the	  under	  side	  of	  the	  cart.	  	  If	  the	  original	  friction,	  which	  we	  had	  in	  our	  test,	  is	  equal	  to	  this	  change	  in	  friction,	  then	  the	  final	  friction	  for	  the	  experiment	  will	  be	  zero.	  	  This	  can	  be	  seen	  in	  the	  equations	  below.	  	  	  
Fr1	  =	  μ(Mg	  –	  PA)	   	   	   where:	  	  Fr1	  =	  Orginal	  testing	  frictional	  force	  Fr2	  =	  μ(Mg	  –	  2.9*PA)	   	   	   	  Fr2	  =	  Final	  experimental	  frictional	  force	  	   	   	   	   	   	   	  μ	  =	  Friction	  coefficient	  	   	   	   	   	   	   	  M	  =	  Mass	  of	  the	  cart	  	   	   	   	   	   	   	  P	  =	  Original	  testing	  pressure	  under	  cart	  	   	   	   	   	   	   	  A	  =	  Area	  on	  the	  under	  side	  of	  the	  cart	  	  ΔFr	  =	  Fr2	  –	  Fr1	  =	  -­‐1.9*μPA	  	  	  If	   ΔFr	  =	  Fr1	   then	   Fr2	  =	  0	  	  	  So	   P	  =	  Mg/(2.9*A)	   where:	  	  M	  =	  465g	  	  A	  =	  .0406	  m^2	  	   P	  =	  38.74	  Pa	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The	  value	  of	  38.74	  Pa	  is	  the	  original	  testing	  pressure	  needed	  so	  that	  when	  the	  air	  control	  system	  is	  complete,	  and	  only	  10	  air	  channels	  are	  used	  at	  a	  time,	  the	  frictional	  force	  will	  be	  zero.	  	  It	  is	  important	  to	  remember	  that	  this	  is	  not	  the	  pressure	  needed	  from	  the	  individual	  air	  channels,	  it	  is	  the	  combined	  pressure	  needed	  under	  the	  cart	  resulting	  from	  the	  individual	  air	  channels.	  	  This	  makes	  us	  confident	  that	  the	  track	  will	  be	  frictionless	  and	  functional	  following	  the	  completion	  of	  the	  air	  control	  system.	  
In	  addition	  to	  testing	  the	  effectiveness	  of	  the	  frictionless	  track,	  the	  air	  compressors	  capabilities	  were	  also	  tested.	  	  It	  was	  found	  that,	  with	  all	  air	  channels	  open,	  the	  compressor	  tank	  was	  empty	  in	  60	  seconds.	  	  This	  was	  not	  ideal;	  so	  more	  trials	  were	  done	  to	  determine	  exactly	  how	  much	  time	  the	  air	  compressor	  would	  be	  functional	  when	  only	  10	  air	  channels	  were	  open.	  	  
The	  average	  rate	  at	  which	  the	  compressor	  motor	  produces	  pressure	  within	  the	  tank	  was	  found	  to	  be	  0.367	  psi	  per	  second.	  	  The	  rate	  at	  which	  the	  tank	  was	  found	  to	  empty	  with	  all	  holes	  open	  (without	  the	  motor	  on)	  was	  -­‐2.567	  psi	  per	  second.	  	  This	  tells	  us	  that	  each	  air	  hole	  exhaust	  air	  at	  a	  rate	  of	  -­‐0.089	  psi	  per	  second,	  and	  so	  with	  only	  10	  air	  channels	  open	  the	  empty	  rate	  will	  be	  -­‐0.89	  psi	  per	  second.	  	  Taking	  the	  difference	  between	  the	  experimental	  test	  set-­‐up	  empty	  rate	  and	  the	  fill	  rate	  of	  the	  motor	  we	  determined	  the	  “functional	  time”	  of	  the	  frictionless	  track.	  	  The	  functional	  time	  is	  the	  time	  that	  the	  compressor	  is	  outputting	  above	  100	  psi	  to	  the	  track,	  and	  this	  time	  came	  out	  to	  be	  115.8	  seconds.	  	  This	  is	  a	  much	  more	  desirable	  time	  than	  before.	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3.6.2	   Assembly	  of	  Experimental	  Set-­‐Up	  	   Assembly	  has	  begun	  on	  many	  of	  the	  components	  of	  the	  test	  set-­‐up.	  	  Wye	  connectors	  were	  attached	  to	  the	  tubing	  just	  below	  the	  track.	  	  This	  allows	  for	  half	  the	  amount	  of	  solenoid	  valves	  to	  control	  the	  29	  air	  channels	  on	  the	  track.	  	  The	  tubing	  that	  runs	  from	  these	  wye	  connections	  to	  the	  solenoid	  valves	  has	  been	  added.	  	  Initially	  this	  tubing	  was	  already	  in	  place	  from	  the	  previous	  MQP	  group,	  however	  it	  was	  found	  to	  be	  too	  short.	  	  The	  tubing	  was	  only	  73	  cm	  long,	  which	  did	  not	  allow	  the	  valves	  to	  be	  the	  minimum	  distance	  of	  75	  cm	  from	  charged	  spheres	  to	  prevent	  arching	  and	  discharge.	  	  	  
	   The	  IR	  sensors	  are	  attached	  to	  the	  IR	  beam	  mentioned	  previously.	  	  The	  air	  control	  circuits	  will	  soon	  then	  be	  mounted	  to	  the	  base	  of	  the	  IR	  mount	  and	  then	  connected	  to	  the	  solenoid	  valves	  and	  IR	  sensors.	  	  The	  compressor	  was	  attached	  to	  the	  air	  intake	  PVC	  pipe	  and	  the	  air	  control	  system	  will	  then	  be	  complete	  and	  fully	  integrated	  in	  the	  track	  and	  cart	  assembly.	  
	  
3.6.3	   Visual-­‐based	  Tracking	  Conclusions	  Once	  the	  visual-­‐based	  tracking	  system	  had	  been	  set	  up	  and	  technical	  difficulties	  in	  the	  form	  of	  driver	  incompatibilities	  had	  been	  dealt	  with,	  our	  group	  was	  able	  to	  confirm	  that	  the	  system	  is	  able	  to	  track	  objects	  in	  real	  time	  and	  will	  output	  their	  position	  to	  other	  programs.	  	  The	  system	  does	  not,	  however,	  deliver	  the	  sub-­‐millimeter	  resolution	  that	  our	  experimental	  setup	  requires.	  	  While	  the	  theoretical	  resolution	  is	  0.568	  mm/pixel,	  the	  effective	  resolution	  of	  the	  system	  using	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our	  2	  Megapixel	  is	  about	  2	  mm/pixel.	  	  Furthermore,	  the	  average	  error	  in	  the	  computed	  object	  position	  is	  33.6	  millimeters,	  which	  comes	  out	  to	  1680	  %	  of	  the	  effective	  resolution.	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4	   Recommendations	  
	   The	  commencement	  of	  running	  the	  experiment	  was	  beyond	  the	  timeline	  and	  objectives	  of	  this	  project.	  	  In	  order	  to	  ensure	  the	  transition	  from	  one	  project	  group	  to	  the	  next	  is	  as	  smooth	  possible,	  a	  set	  of	  recommendations	  has	  been	  laid	  out	  for	  future	  work	  on	  the	  set-­‐up.	  
	  
4.1	   MatLab	  Controller	  	   Before	  experiments	  can	  begin,	  a	  controller	  must	  be	  designed	  to	  control	  the	  voltage	  of	  the	  mobile	  sphere.	  	  This	  will	  be	  accomplished	  by	  modifying	  the	  MatLab	  code	  mentioned	  previously	  and	  supplied	  in	  appendices	  A	  and	  B.	  	  Additionally,	  MatLab	  toolboxes	  must	  be	  used	  to	  collect	  data	  from	  the	  vision	  based	  tracking	  system	  and	  output	  to	  the	  dual	  polarity	  voltage	  supply.	  	  Recommended	  toolboxes	  to	  be	  further	  investigated	  are	  the	  Instrument	  Control	  and	  Data	  Acquisition	  toolboxes.	  	  Another	  bit	  of	  software	  that	  might	  be	  required	  is	  the	  Real	  Time	  Workshop,	  which	  is	  included	  as	  a	  component	  of	  Simulink.	  	  As	  of	  the	  writing	  of	  this	  report,	  WPI	  has	  licenses	  for	  all	  three	  of	  these	  additional	  components.	  	  An	  important	  note	  is	  that	  the	  controller	  must	  be	  run	  using	  a	  32-­‐bit	  version	  of	  MatLab	  instead	  of	  a	  64-­‐bit	  version.	  	  This	  is	  due	  to	  compatibility	  issues	  between	  MatLab	  and	  the	  toolboxes.	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4.2	   MatLab	  Simulations	  	   In	  future	  projects,	  MatLab	  simulations	  should	  be	  continued	  and	  expanded	  to	  include	  three	  or	  more	  bodies.	  	  For	  this	  experimental	  setup,	  two	  stationary	  spheres	  would	  be	  used,	  one	  on	  each	  side	  of	  the	  track.	  	  In	  this	  case,	  the	  mobile	  sphere	  would	  have	  a	  constant	  voltage	  while	  the	  voltages	  of	  the	  two	  stationary	  spheres	  would	  be	  controlled	  by	  the	  controller	  attached	  to	  two	  dual	  polarity	  power	  supplies.	  	  For	  this	  experiment	  to	  be	  performed,	  another	  sphere	  and	  stand	  assembly	  would	  be	  required	  as	  well	  as	  a	  second	  dual	  polarity	  power	  supply.	  
	  
4.3	   Track,	  Cart,	  and	  Air	  Control	  System	  	   The	  testing	  of	  the	  frictionless	  track	  showed	  that	  the	  size	  of	  the	  compressor	  tank	  might	  be	  an	  issue.	  	  Calculated	  in	  section	  3.6.1,	  115.8	  seconds	  was	  the	  time	  that	  the	  compressor	  would	  provide	  adequate	  pressure	  to	  the	  track	  to	  support	  levitation.	  	  During	  situations	  when	  the	  mobile	  sphere	  takes	  longer	  to	  converge	  to	  the	  desired	  position	  on	  the	  track,	  such	  as	  with	  an	  initial	  velocity,	  a	  larger	  time	  would	  be	  necessary.	  	  Another	  option	  to	  a	  large	  compressor	  tank	  would	  be	  a	  more	  powerful	  compressor	  motor.	  	  Two	  factors	  affect	  the	  time	  the	  compressor	  provides	  sufficient	  pressure,	  the	  rate	  at	  which	  the	  tank	  empties	  and	  the	  rate	  at	  which	  the	  tank	  is	  filled	  with	  pressurized	  air.	  	  Currently,	  the	  Craftsman	  motor	  fills	  the	  tank	  in	  about	  5	  minutes,	  but	  it	  is	  emptied	  it	  in	  just	  under	  a	  minute.	  	  If	  the	  motor	  could	  keep	  pace	  with	  the	  rate	  at	  which	  the	  tank	  empties,	  then	  this	  problem	  would	  be	  resolved.	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   As	  of	  the	  writing	  of	  this	  report,	  the	  air	  control	  system	  is	  complete,	  but	  not	  assembled	  fully.	  	  The	  circuits	  need	  to	  be	  connected	  to	  the	  solenoid	  valves	  and	  a	  power	  supply	  to	  function	  and	  allow	  the	  control	  of	  air	  only	  under	  the	  cart.	  	  The	  circuits	  also	  need	  to	  be	  connected	  to	  the	  IR	  sensors	  so	  they	  can	  send	  a	  signal	  to	  the	  solenoid	  valves	  when	  the	  cart	  is	  over	  their	  corresponding	  air	  channel.	  	  
	   Safety	  is	  certainly	  a	  concern	  when	  working	  with	  30,000	  volts	  of	  electricity.	  	  In	  order	  to	  ensure	  no	  equipment	  or	  people	  are	  harmed	  during	  the	  experimental	  testing,	  it	  is	  advised	  to	  design	  and	  manufacture	  a	  plastic	  safety	  cage	  for	  the	  experiment.	  	  A	  portable	  test	  mount	  is	  also	  desired	  for	  all	  the	  components	  to	  be	  permanently	  fixed	  too.	  	  This	  will	  aid	  in	  the	  mobility	  of	  the	  experiment,	  but	  also	  ensure	  that	  every	  test	  run	  is	  as	  accurate	  as	  possible.	  
	   Finally,	  an	  additional	  power	  supply	  is	  needed	  for	  the	  stationary	  spacecraft	  to	  obtain	  its	  charge	  of	  30	  kilovolts.	  This	  power	  supply	  does	  not	  need	  to	  be	  dual	  polarity,	  like	  the	  one	  for	  the	  mobile	  sphere,	  because	  its	  charge	  will	  be	  constant	  throughout	  the	  experiment.	  	  	  
4.4	   Visual-­‐based	  Tracking	  	   In	  order	  to	  ensure	  that	  our	  tracking	  system	  delivers	  a	  sub-­‐millimeter	  resolution,	  the	  camera	  used	  must	  have	  a	  higher	  effective	  resolution	  than	  the	  one	  we	  are	  currently	  using.	  	  Our	  group	  ordered	  a	  digital	  camera	  with	  10	  million	  effective	  pixels,	  which	  delivers	  a	  theoretical	  maximum	  resolution	  of	  0.114	  mm/pixel.	  	  A	  future	  group	  will	  have	  to	  confirm	  the	  effective	  maximum	  resolution	  of	  the	  tracking	  system	  with	  the	  new	  camera	  integrated.	  	  Furthermore,	  in	  order	  to	  bring	  the	  average	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Appendix	  A	  –	  MatLab	  Script	  File	  
%% MQP Simulations - Two Body Problem 
  
clear all; close all; clc; 
  
%% Global Parameters 
  
global P xd K1 K2 g Vs Vg theta Vc G v w a b Vco 
  
%% Inputs 
xi(1) = 0.4999; %Initial position [m] 
xi(2) = 0; %Initial velocity [m/s] 
xd = .5; %Desired distance [m] 
tilt_angle = 0; %Tilt angle [degrees] 
Vo = 10000; %Operting voltage [V] 
Vs = -2*Vo; %Voltage on the stationary sphere [V] 
C=[1 0]; %Which parameter is being measured.  If position is being 
measured, C=[1;0].  If velocity is measured, C=[0;1]. 
v=sqrt(0.00001*randn(1,1)); %meaurement noise 
w=sqrt(0.00001*randn(1,1)); %process noise 
  
%% Other Parameters 
 
xi(3)= xi(1); %Initial posistion input to Kalman filter 
xi(4)= xi(2); %Initial velocity input to Kalman filter 
m = 0.5; %Mass of cart [kg] 
Kc = 8.987551787*10^9; %Coulomb constant [N*m^2/C^2] 
rho = 0.1016; %Radius of the spheres [m] 
g = 9.81; %Acceleration due to gravity [m/s^2] 
theta = tilt_angle*pi/180; %Title angle [radians] 
t = (0:0.05:1500); %time span vector [s] 
P = (rho^2)/(m*Kc);%Parameter of constants (used to simplify 
expressions) 
Vg = (g*(xd^2)*sin(theta))/(P*Vs);%Voltage associated with gravity due 
to angle f tilt 
Vco = Kc^2*xi(2)/(xi(1)*Vs*rho^2*(xi(1)-xd)^2); %inital cart voltage 
  










%% Calculated Parameters 
  






%% Differential Equation Solver 
  
[t,x] = ode45('xsystem', t, xi); 
  






plot(t, xd, 'k'); 
title('Position of Mobile Sphere with Respect to Time'); 
xlabel('Time [s]'); 






title('Velocity of Mobile Sphere with Respect to Time'); 
xlabel('Time [s]'); 
ylabel('Velocity of Mobile Sphere [m/s]') 	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Appendix	  B	  –	  MatLab	  Function	  File	  













xdot(1) = x(2); 
xdot(2) = Vs*(deltaVc+Vco)*P/((x(1))^2)-g*sin(theta); 
xdot(3) = x(4)+G(1)*(x(3)-y); 
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Figure	  2.1:	  	  Side	  view	  of	  experimental	  setup	  with	  labeled	  parameters	  	  
















































Figure	  3.1:	  Layout	  of	  Complete	  Experimental	  Test	  Set-­‐up	  
















































to reduce noise and obtain a clean signal for airflow triggering. The whole position sensing and air
flow control is completely analog and self sufficient. This stand alone architecture can be easily
scaled to a track of any length.
Figure 6. Air flow control electronics circuit diagram
The IR sensors are sensitive and provide a cleaner signal with a flat reflective surface. The cart
has a paper reflective sheet that extends beyond the sphere and is used to directly reflect the IR
signal. This reflective sheet is a smaller dimension than the cart length so that the cart overlaps the
air holes prior to them being turned on. It was found that random erroneous signals were reflecting
from the plastic safety cage that surrounds the entire apparatus when orientated in a direct reflection
path. To overcome this the safety cage is aligned so that the IR beams reflected at an angle away
from their receptors.
Electrostatic power supplies
The charge used for Coulomb induced motion is obtained by two electrostatic power supplies
from Spellman High Voltage∗. Each bench-top unit is capable of supplying ±30 kV up to 300 µA.
This current is more than sufficient for Coulomb testing as the charge needed is a product of high
voltage at low current (electrostatics). A primary advantage of the electrostatic power supply is its
ability to easily switch polarity offering the full ±30 kV range, allowing a total potential difference
of 60 kV between cart and the stationary sphere. As the charge spheres are essentially an open
ended circuit with very small load the switching time of the charge polarity is measured to be on
the order of ms. Formation control strategies in GEO will require switching well above this limit,
on the order of minutes.
The power supply is externally controlled through a standard D-Sub 25 pin interface to a com-
puter. The connection is made through a National Instruments data acquisition card that runs on
PCI express architecture. The supplies are monitored and controlled through a custom GUI in Lab-
view as shown in Fig. 7. Power outputs and fault protections are monitored and the voltage level
and polarity of each unit are manually controlled. This external controllability easily allows 1D
constrained simulations to be implemented.
External power is provided through a control box for user operation and additional safety. Posi-
tion feedback control algorithms could be implemented on this Labview controlled system. How-
∗www.spellmanhv.com
11
Figure	  3.14:	  Initial	  Air	  Control	  Circuit	  (Seubert,	  2009)	  
Figure	  3.15:	  Final	  Air	  Control	  Circuit	  
